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I.  INTRODUCTION 

A.  Materials  Synthesis  and  Nanoscale  Inclusion  Chemistry 

Even  though  solid  state  chemistry  has  been  fundamental  to  the  technological 
evolution  of  human  history  from  prehistoric  times,  the  synthesis  of  solid  ma¬ 
terials  still  remains  in  its  infancy.  The  apparent  simplicity  of  this  chemistry 
quickly  vanishes  when  one  considers  that  hypothetically  the  perfect  crystal  can 
be  only  obtained  at  absolute  zero.  The  thetmodynamically  favored  crystal  com¬ 
position  of  an  extended  solid  is  one  in  which  some  atomic  sites  ate  vacant  or 
there  is  displacement  of  atoms  from  the  lattice  sites.  The  law  of  definite  pro¬ 
portions  us^  in  molecular  chemistry  is  no  longer  valid,  and  bulk  physical  prop¬ 
erties  can  be  widely  varied  with  the  same  chemical  stoichiometry  by  changing 
defect  concentration.  In  addition,  most  crystalline  materials  can  exist  as  solid 
solutions  with  variable  composition,  allowing  chemists  to  design  a  wide  variety 
of  new  materials  with  specific  properties.  A  perusal  of  the  development  of  semi¬ 
conductor  and  ferroelectric  materials  quickly  establishes  the  importance  of  these 
parameters  as  both  liabilities  and  assets.  These  considerations  also  suggest  the 
reason  why  the  evolution  of  solid  state  chemistry  has  resulted  in  a  relatively 
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i  large  body  of  literature  on  single  element,  binary  and,  to  a  much  smaller  extent, 
ternary  metal  atom  compositions  with  only  a  glimmer  of  what  lies  beyond  in 
i  higher  order  phases. 

Another  dimension  to  materials  synthesis  has  been  added  recently  with  the 
chemists’  ability  to  create  nemoscaU phases.  In  the  nanoscale  size  regime,  where 
the  volume-to-surface  area  ratio  of  the  bulk  material  rapidly  decreases,  one 
finds,  for  example,  the  transition  from  an  extended  band  structure  to  a  quantum 
confined  structure.  In  nucleation  and  synthesis  chemistry  the  nanoscale  dimen¬ 
sion  is  a  region  of  phase  and  chemical  instability  in  which  a  given  thermody¬ 
namic  path  becomes  unstable  and  several  optiqns  (new  steady  or  thermody¬ 
namic  states)  are  available.  Physically,  this  simply  means  that  the  intermolecular 
and  interatomic  interaction  energies  associated  with  self-assembly  are  of  the 
same  order  of  magnitude  as  the  attractive  energy  that  the  atoms  or  molecules 
have  for  their  surroundings.  The  chemistry  of  this  nucleation  process  is,  there¬ 
fore,  particularly  sensitive  to  changes  in  composition  and  external  effects  such 
as  temperature,  electric  fields,  or  anything  dm  even  slighdy  perturbs  the  dy¬ 
namics  and  kinetics  of  the  system.  In  nanoscale  phases,  large  chemical  or  phys¬ 
ical  fluctuations  can  be  generated  and  potendally  used.  It  is  a  region  in  which 
cooperative  nonlinear  behavior  describes  the  physics  and  chemistry  of  the  sys¬ 
tem,  with  processes  of  the  “bifurcation”  type. 

Because  nanophase  chemistry  has  proven  important  to  a  wide  variety  of  fields, 
ranging  from  atom  and  electron  transport  in  biological  systems,  heterogeneous 
catalysis,  and  photocatalysis  to  the  development  of  new  electrooptic  devices 
based  ott.quantum  confinement,  there  has  been  an  explosion  of  interest  in  this 
area  by  scientists  from  many  disciplines.  Syntheses  of  nanoscale  phases  have 
been  carried  out  in  numerous  ways  to  give  unexpectedly  different  materials  with 
varied  structural,  optical,  and  transport  properties.  Molecular  inorganic  chem- 
uts,  physical  chemists,  and  biochemists  have  begun  to  address  the  question  of 
what  happens  to  molecular  properties  as  larger  clusters  are  formed,  and  have 
i  generated  nanoclusten  by  building  up  arrays  from  solution  or  gas  phases  atom 
by  atom  (1-4).  From  the  other'direction,  solid  state  physicists  and  engineers 
have  focused  on  the  properties  of  a  bulk  material  as  it  is  subdivided  into  atomic 
arrays  with  increasingly  smaller  and  snudler  dimensions  by  using  engineering 
based  direcdy  on  solid  state  atomic  lattice  substrates  (5,  6).  Instead  of  cuning 
the  bulk  into  smaller  pieces,  one  also  can  ask  what  happens  when  the  lattice  is 
expanded  and  intemuclear  separations  are  increased.  Nanophase  materials 
chemistry  requires  a  precise  definition  of  the  number  of  atoms,  their  siting  (e.g., 
bulk  vs.  surface),  the  manner  in  which  they  are  assembled  on  the  surface,  and 
the  nature  of  the  interface  inteiaaions  with  their  surroundings.  It  is  for  these 
reasons  that  while  the  convergence  of  molecular  and  solid  sute  chemistry  is 
near,  the  somewhat  diffuse  materials  synthesis  interface  between  isolated  clus¬ 
ters  and  the  infinite  solid  array  is  only  beginning  to  be  resolved. 
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I  With  few  exceptions,  the  isolated  nanocluster  or  nanoanay  of  atoms  is  only 

pan  of  the  stoty.  For  most  practical  applications,  the  nanoclusten  must  be  in- 
coiporated  into  a  processable  matrix,  lliis  combination  of  a  host  matrix  and  the 
I  guest  nanoarray  defines  a  nanocomposite,  ^  material  consisting  of  two  or  more 
i  phases  with  different  physical  propenies  that  are  interfaced  at  nanoscale  dimen¬ 
sions.  The  nanocomposite  can  be  constiucted  by  (a)  monolayer  engineering  on 
selected  substrate  hosts,  (b)  direct  synthesis  as  in  clathrates,  (c)  nanophase  syn¬ 
thesis  within  a  three-dimensional  (3-D)  porous  host,  (d)  creating  both  host  and 
guest  then  diffusing  (via  gas  or  melt)  the  guest  into  the  empty  host,  or  (e)  ion 
or  molecular  exchange.  The  figure  of  merit  parameters  that  might  be  used  to 
optimize  a  nanocomposite  are  defined  by  the  propeity  of  interest  or  the  intended 
application. 

The  importance  of  the  host-guest  interface  for  synthesizing  nanoclusteis  or 
arrays  has  been  noted  above.  This  interface  is  a  two-way  street,  which  suggests 
an  alternative  approach  to  designing  materials.  Instead  of  using  the  host  as  a 
self-oiganization  governing  parameter  to  define  the  nanocomposite  properties 
through  variation  of  the  guest  topography,  the  guest  can  be  used  to  motHfy  the 
electronic  and  structural  properties  of  the  host  surface.  This  can  be  pairiculariy 
effective  for  3-D  host  surges.  In  this  context  it  sitould  be  noted  that  solid  sute 
stnictuial  chemistry  is  commonly  viewed  from  a  static  point  of  view  using  ma¬ 
trix  algebra.  Because  3-D  porous  materials  have  a  unique  interconnectedness, 
large  surface  areas,  and  flexibility,  Andersson  et  al.  (7)  suggested  that  it  is  more 
appropriate  to  treat  porous  hosts  as  minimal  surfaces  using  calculus  and  differ¬ 
ential  geometry.  Dynamic  processes,  such  as  phase  transitions,  diflusion,  and 
ionic  conductivity,  are  naturally  defined  in  terms  of  the  surface  continuum  by 
this  approach.  Heats  of  absorption  are  shown  to  be  directly  proportional  to  the 
surface  curvature  for  various  hydrocarbons.  This  is  an  enticing  visual  model  to 
use  in  thinking  about  the  consequences  of  the  mechanism  by  which  a  guest 
modifies  the  properties  of  a  3-D  extended  surface. 

This  article  presents  a  selected  review  of  nanoscale  inclusion  chemistry  using 
3-D  periodic  hosts  with  an  emphasis  on  optical  properties.  Inclusion  chemistry 
is  defined  in  the  context  of  the  above  discussion  as  the  interaction  between  a 
i  3-D  host  surface  with  one  or  more  types  of  guests.  It  is  an  area  receiving  in¬ 
creased  enthusiasm  and  interest  because  of  the  basic  research  concepts  and  chal¬ 
lenges  that  remain  to  be  explored.  The  host  is  in  effect  a  solid  state  inorganic 
“molecular  recognition"  template.  Ideally,  this  packaging  would  make  it  pos¬ 
sible  to: 

Selectively  modulate  the  host  framework  electronic  or  optical  properties  with 
guest  atoms  or  molecules. 

Impose  selected  order-disorder  constraints  on  the  self-organization  process. 

Modify  intemanophase  behavior  by  varying  the  host  dielectric  constant  and 
guest  concentration. 
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Generate  electronically  or  coordinatively  unsaturated  atomic  assemblies. 
Synthesize  nanocomposite  materials  in  which  the  host  and  guest  interact  in 
a  synergistic  or  combinatorial  fashion  to  give  tunable  or  new  properties. 

B.  Examples  of  Optical  Applications 

1.  Quanttun  Confinement 

Nanocluster  materials  already  have  had  a  significant  impact  in  the  area  of 
photonic-electronic  devices.  The  miniaturization  of  electronic  and  optic  devices 
has  revolutionized  response  times,  energy  toss,  and  transport  efficiency.  In  ad¬ 
dition,  the  presence  or  absence  of  a  few  atoms  and  the  geometrical  disposition 
of  each  atom  can  signihcandy  modify  electronic  and  photonic  properties  as  one 
approaches  the  nanosize  regime.  This  control  can  be  further  supplemented  by 
“packaging"  assemblies  of  atoms  or  molecules  into  thin-hlm  or  nanocomposite 
bulk  materials  to  define  surface  states,  cluster  environment  and  geometry,  in¬ 
tercluster  interactions,  and  consequendy,  a  wide  tunable  range  of  optical  and 
charge  carrier  responses. 

One  specific  example  attracting  commercial  interest  is  opdeal  data  storage 
(Fig.  1).  In  writing  an  opdeal  disk  it  is  desirable  to  obtain  the  highest  possible 
resoludon  and  opdeal  density.  Laser  beam  coilimadon  is  one  technique  used  to 
optimize  the  opdeal  density.  Unfortunately,  coilimadon  is  limited  by  diffracdon 
effects.  In  addidon,  the  intensity  of  the  laser  beam  is  not  homogeneous  in  cross 
secdon.^hich  also  restricts  the  resoludon  and  sharpness  of  reproduction.  Na- 
nosized-semiconductors  display  a  peculiar  nonlinear  opdc  property;  They  will 
absorb  light  if  it  is  not  too  intense,  but  will  transmit  light  if  the  number  of 
photons  surpasses  a  certain  threshold  value.  By  using  a  thin-film  mask  contain- 
1  ing  the  semiconductor  cluster  during  wridng,  only  the  center  portion  of  the 

I  beam,  which  has  a  photon  flux  above  a  certain  intensity  cutoff,  is  transmined, 

'  tesuldng  in  a  dramatic  (  —  50%)  improvement  of  both  opdeal  density  and  re¬ 
cording  quality.  Using  shoner  wavelengths  could  further  improve  the  resolu¬ 
don.  Fortunately,  the  opdeal  absorption  and  emission  bands  of  a  semiconductor 
are  shifted  to  shorter  wavelengths  if  the  semiconductor  atoms  are  in  an  appro¬ 
priately  small  cluster.  These  effects  are  the  consequences  of  the  electrons  in  the 
semiconductor  being  quantum  confined.  Obviously,  the  desired  size  of  the  clus¬ 
ter  is  the  first  property  that  needs  to  be  considered  in  creating  a  nanocomposite 
containing  the  above  semiconductor  nanoclusters.  In  principal  this  can  be  ar¬ 
bitrarily  adjusted. 

Potential  applications  of  quantum  confined  materials  have  been  demonstrated 
to  be  feasible  in  the  areas  of  photocataiysis  (8).  phase  conjugate  opdeal  systems, 
optical  switching  for  parallel  data  processing,  resonant  tunneling  and  field  effect 
transistors,  low-gain  lasers  and  frequency  mixing  (9,  10)..  The  primary  limita- 
don  is  the  materials  synthetic  chemist’s  ability  to  create  and  package  nano- 
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Figure  1.  Optical  disk  data  storage  using  quantum-confined  seimcoaductor  chisteis. 


phases  in  such  a  way  as  to  obtain  a  unifoim  precise  size,  intercluster  separation, 
optical  density,  and  suitable  processability. 

2.  Off-Resonance  Nonlinear  Optics 

Nonlinear  optics  is  concerned  with  how  the  electrornagnetic  held  of  a  light 
wave  interacts  with  the  electromagnetic  fields  of  matter  and  of  other  light  waves. 
The  interaction  of  light  with  a  honlinear  optical  material  will  cause  the  mate¬ 
rial’s  properties  to  change,  and  the  next  photon  that  arrives  will  "see”  a  dif¬ 
ferent  material.  As  light  travels  through  a  material,  its  electric  field  interacts 
with  other  electric  fields  within  the  material.  These  internal  fields  are  a  function 
of  the  time  dependent  electron  density  distribution  in  the  material  and  the  elec¬ 
tric  fields  of  the  other  light  waves,  if,  for  example,  two  or  more  light  sources 
are  used.  In  a  nonlinear  optical  (NLO)  material,  strong  interactions  can  exist 
among  the  various  fields.  These  interactions  may  change  the  frequency,  phase, 
polarization,  or  path  of  incident  light.  The  chemist’s  goal  in  the  field  is  to  de¬ 
velop  materials  that  control  this  mediation  so  that  one  can  modulate  or  combine 
photons  (wave  mixing).  In  addition,  it  is  necessary  to  fine  tune  both  the  mag¬ 
nitude  and  response  time  of  the  optical  processes. 
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Inclusion  chemistiy  can  be  and  currently  is  used  in  this  field  in  several  ways. 
For  example,  ion  exchange  inclusion  chemistry  in  the  potassium  titanyl  phos¬ 
phate  structural  held  is  an  efTective  way  to  create  optic  wave  guides  and  elec- 
tiooptic  switches  (11).  It  also  can  be  used  to  enhance  or  decrease  the  second- 
order  harmonic  generation  (SHG)  of  the  photons,  that  is,  frequency  doubling 
of  an  itKident  laser  beam.  These  topics  are  discussed  in  more  detail  below.  A 
second  use  of  inclusion  chemistry  is  to  align  polar  molecules  within  a  polar  host 
or  by  Langmuir-Blodgett  engineering  to  give  poled  layered  superlattice  struc¬ 
tures.  The  enhancement  of  the  thermal  and  photostability  of  organic  NLO  mol¬ 
ecules  by  packaging  in  inorganic  hosts  may  ultimately  prove  to  be  the  most 
important  role  of  inclusion  chemistry  in  practical  applications. 

Again,  it  should  be  emphasized  that  a  precise  synthetic  dehnition  of  the  num¬ 
ber  of  atoms  or  molecules,  their  siting  (e.g.,  nanophase  bulk  vs.  surface),  to¬ 
pography,  orientation,  and  the  manner  in  which  they  are  assembled  on  the  3-D 
host  surface  to  form  a  nanocomposite  array  is  requited  in  order  to  take  maxi¬ 
mum  advantage  of  the  unique  properties  associated  with  nanophase  composites. 
A  compromise  using  porous  glasses  or  polymer  suppotu  is  sometimes  com¬ 
mercially  necessary  for  processability  or  materials  cost  advantage,  and  for  some 
applications  the  figure  of  merit  criteria  can  be  met  with  this  in  mind. 

C.  Some  Nanoscale  Hosts 

As  previously  stated,  this  paper  is  concerned  primarily  with  3-D  inorganic 
periodic.hosts.  Porous  glasses,  organic  media,  and  layered  materials  play  an 
important  role  in  nanocomposite  inclusion  chemistiy  and  some  corrunents  con¬ 
cerning  their  use  are  briefly  presented. 

1.  Glasses  and  Disordered  Media 

Porous  glasses  (12),  poiymen  (13, 14),  micelles  (IS),  and  colloids  (16)  have 
been  used  as  host  matrices  for  Encapsulating  atomic  arrays.  Specific  examples 
include  the  formation  of  PbS  particles  on  ethylene-methaciylic  acid  copolymers 
(17),  and  glass  matrices  around  colloidal  solutions  of  CdS  (18).  In  all  of  these 
systems,  however,  the  crystallinities,  pore  sizes,  and  ultimate  cluster  geometry 
are  not  well  defined.  Nevertheless,  porous  glasses  are  promising  in  that  they 
offer  the  advantages  of  providing  a  large  range  of  pore  sizes,  ease  of  optical 
characterization,  and  the  potential  for  use  as  thin  monoliths  in  optical  devices. 
Photo  and  thermal  stability  are  crucial  if  the  nanocomposites  are  to  be  used  in 
laser  device  applications.  In  optical  computer  or  optical  switching  applications, 
for  example,  the  nanocomposite  should  be  able  to  perform  trillions  of  switching 
operations  per  second  for  years  at  a  time.  As  inorganic  hosts,  porous  glasses 
have  been  demonstrated  to  gready  increase  the  lifetime  of  organic  dye  lasers. 
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I  which  have  been  built  into  their  pores  (19).  This  is  an  impoitant  property  of  the 
}  inorganic  host-organic  guest  combination  that  will  undoubtedly  be  pursued  fur¬ 
ther.  Several  types  of  sol-gel  derived  glass  have  been  used  in  attempts  to  vary 
the  size  of  the  particles  that  are  produced.  In  addition  to  the  sol-gel  derived 
glasses,  commercial  Vycor*  (Coming  Glass)  has  been  used.  Vycor*  is  signif¬ 
icantly  stronger  than  the  sol-gel  derived  glass  since  it  is  synthesized  via  a  high 
temperature  acid  leaching  process  of  borosilicates.  The  high  temperature  im¬ 
parts  mechanical  strength  to  the  glass. 

2.  Layered  Nanoscale  Synthesis  and  One-Dimensional  Confinement  of 

Ordered  Arrays 

I 

Sophisticated  techniques  currently  are  available  to  obtain  one-dimensional 
(I-D)  nanocomposites  consisting  of  atomic  or  molecular  monolayers  (-5  A) 
by  molecular  beam  epitaxy  (MBE),  electrochemical,  atomic  layer  epitaxy  (ALE) 
(20)  and  Langmuir-Blodgett  film  synthesis  (21-23).  Both  MBE  and  ALE  allow 
for  the  fabrication  of  uitrathin  (monolayer)  semiconductor  layers,  and  have  lead 
to  the  design  and  creation  of  1-D  quantum  confined  materials.  Figure  2  shows 
how  carrier  confinement  is  achieved  by  sandwiching  a  (jaAs  semiconductor 
layer  between  two  wider-bandgap  semiconductor  epitaxial  layers  (24-26). 


Figure  2.  Molecular  beam  epitaxy  derived  quannitn  supeiiat- 
ike  (24). 
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The  superiattice  layered  structure  approach  is  an  important  step  towards 
I  achieving  the  degree  of  sophistication  requited  to  obtain  a  periodic  array  of 
quantum  confined  planes  of  atoms.  The  development  of  photonic  transistors  or 
I  other  electronic  device  analogs,  however,  requites  two-dimensional  (2-D) 
(quantum  wires)  and  3-D  (quantum  dots)  confined  structures.  Some  ingenious 
approaches  to  this  problem  include  using  tilted  and  serpentine  superlattices  with 
the  goal  of  creating  lateral  surfaces  for  2-D  and  3-D  confinement  with  boxes  or 
walls  with  dimensions  less  than  about  1(X)  A. 

3.  Three-Dimensional  Surfaces  and  Periodic  Packaging 

In  MBE  and  ALE  nanostructure  synthesis,  a  2-D  layered  substrate  is  used. 
A  natural  extension  of  quantum  confinement  generated  from  2-D  surface  con- 
strucdon  is  prelateral  patterning  in  3-D.  Ideally,  the  resultant  nanocomposite 
would  iiave  the  following  properties: 

Size  and  topographical  uniformity  of  nanophases. 

Supra-latdce  3-D  periodicity  as  defined  by  the  host. 

TunabUlty  with  respect  to  atomic  modification  of 

Topography. 

Nanophase  dimensions. 

Surface  states  defined  by  the  guest-host  interface. 

Intercluster  interactions. 

Them^  and  optical  stability. 

!  Optical  transparency. 

i 

The  basis  for  this  approach  is  that  instead  of  a  2-D  substrate  surface,  one 
uses  a  3-D  surface  defined  by  a  periodic  array  of  channels  and/or  cages.  With 
such  a  3-D  crystalline  template  one  can  strive  to  package  assemblies  of  atoms 
into  quantum  wires  or  dots  that  are  unisized  with  identical  geometries  and  have 
3-D  periodicity. 

Molecular  sieves  and  zeolites  are  examples  of  possible  3-D  substrates  con¬ 
sisting  of  periodic  crystalline  porous  frameworks  with  open  chatmels  and  cages. 
They  have  extremely  high-internal  surface  areas,  as  much  as  700  m^  g~'  and 
as  high  as  about  S0%  void  space  so  that  high  concentrations  of  nanoclusters 
and  optical  densities  are  possible.  Clusters  and  molecules  can  be  incorporated 
within  these  cages  and  channels  either  directly  during  synthesis,  by  “ship  in 
the  bottle"  synthesis  within  the  host,  or  by  gas  phase  or  melt  inclusion  into  an 
empty  host.  The  thermal  stability  of  these  frameworks  depends  on  the  frame¬ 
work  composition,  but  in  some  cases  it  is  over  KXWC. 
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A  limitation  of  zeolite  structures  is  the  relatively  small  cage  and  pore  sizes. 
The  120  atom  26-hedron  cages  c.  zeolites  RHO  and  Y  provide  possible  cluster 
diameters  to  about  11-13  A.  The  development  of  new  larger  pore  molecular 
sieves  is  being  actively  pursued  by  numerous  groups  using  Hoffman  and  3-D 
linked  molecular  rod  complexes  (27, 28)  for  the  building  blocks  of  open  frame¬ 
work  structures,  new  approaches  to  molecular  sieve  synthesis,  and  open  frame- 
worics  containing  both  four-  and  six-coordinate  metal  ions.  The  scientific  com¬ 
munity  can  expect  to  have  available  stable  3-D  periodic  molecular  sieves  with 
dimensions  up  to  100  A  in  the  not  too  distant  future. 

In  this  chapter  we  will  usually  reserve  “zeolite**  to  refer  to  aluminosilicate 
porous  hosts,  “molecular  sieves**  to  consist  of  any  other  porous  hosts  that  can 
be  emptied  and  used  to  selectively  absorb  molecules,  and  “open  framework'* 
structures  as  those  which,  while  possessing  sizeable  channels  and  cages,  cannot 
have  the  template  removed  or  be  ion  exchanged  without  loss  of  structure.  Clath- 
rosils  and  clathrate  struemres  in  general  are  another  important  category  in  which 
the  guest  template  molecule  is  permanendy  included  during  synthesis  into  closed 
cages.  Bilayer  inorganic  materials  with  mismatched  layer  lattices  form  ordered 
tubular  structures  with  channel  dimensions  between  20  and  100  A  and  have 
been  used  to  synthesize  metallic  wires  (29-31). 

Modification  of  host  electronic  properties  can  be  carried  out  by  reversible 
ion  and  gas  exchange  with  small  molecules  (NHT /NH3  and  HsO'^/HjO).  De¬ 
fect  pyrochlores  (32),  such  as  K(H20)y[NbWO«]  (33),  and  conducting  transi¬ 
tion  metal  oxides  (e.g.,  hexagonal  WOj')  or  sulfides  (e.g.,  Mo^Sg')  fall  into 
this  category  (34).  The  potassium  titanyi  phosphate,  KTiOP04,  structure  (35- 
37)  also  can  be  modified  for  nonlinear  optic  applications  by  inclusion  chemistry 
and  is  discussed  below. 


D.  Guests 

This  chapter  focuses  on  semiconductor  inorganic  clusters  and  organic  mol¬ 
ecules  with  large  hyperpolarizabilities,  that  is,  guests  that  have  large  nonlinear 
responses.  The  use  of  simple  atomic  guests  for  surface  modification  in  frame¬ 
work  active  hosts  also  will  be  described. 


n.  HOST  COMPOSITION  AND  TOPOGRAPHY 

There  are  numerous  review  articles  and  books  (38-41)  on  zeolites  and  mo¬ 
lecular  sieves  that  give  a  comprehensive  review  of  these  hosts.  The  following 
section  gives  a  brief  overview  with  selected  highlights  describing  some  recent 
advances  in  the  field. 
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A.  Zeolites 

Topologically,  the  3-D  surface  of  a  zeolite  can  be  constructed  from  comer 
I  shared  MOj  tetiahedra.  Zeolites,  in  their  narrow  definition,  are  naturally  oc¬ 
curring  or  synthetically  made  materials  whose  chemical  composition  can  be 
described  as  [(M/AllOJj,  •  [SiOJ,,  where  “M”  represents  a  monovalent  or¬ 
ganic  or  inorganic  cation.  Polyvalent  cations  also  can  be  used  as  templates  with 
appropriate  adjustments  in  charge  and  mass  balance.  By  using  large  organic  and 
inorganic  templates  during  synthesis  these  monolayers  interconnect  into  poly¬ 
hedral  or  tubular  configurations  to  form  cages  and  channels.  Figure  3  shows  an 


ZEOLITES 

M^*  nA10|2*  aSiOj*  jH^O 


60  atom  sodalite  cage 


Figuie  3.  Aluminosilicate  members  of  the  sodalite  family  of  zeolite  suucnites.  The  polyhedron 
ate  drawn  with  tetrahedral  meul  atoms  at  (he  vertices,  oxygen  atoms  ate  omined. 
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example  of  condensation  of  the  AlOf  and  Si02  units  into  a  60-atom  (silicon, 
aluminum,  and  oxygen  atoms)  sodalite  cage,  which  geometrically  is  a  truncated 
octahedron.  The  upper-right-hand  portion  of  Fig.  3  shows  only  the  24  metal 
atoms  that  make  up  the  sodalite  cage.  The  36  oxygen  atoms  connecting  these 
metal  atoms  (middle,  :op  of  Fig.  3)  make  up  the  remainder  of  the  60  atoms  in 
the  polyhedron.  In  deference  to  current  research  activities  on  60-atom  cages 
(42),  this  structure  might  be  considered  as  a  samrated  inorganic  polyether 
Buckyball  isomer. 

The  usual  convention  is  to  designate  the  pore  openings  by  the  metal  atoms 
only.  Thus,  the  term  “6  ring”  is  used  to  describe  the  hexagonal  faces  shown 
for  the  sodalite  cage  in  the  upper-right-hand  comer  of  Fig.  3.  The  reader  should 
be  aware  that  these  are,  in  fact,  12  atom  ting  openings  with  alternating  metal 
and  oxygen  atoms.  Similarly,  the  ”4  rings”  define  8-atom  (metal  +  oxygen 
I  atoms)  ting  openings.  In  the  remainder  of  this  chapter  we  will  retain  the  usual 
i  zeolite  molecular  sieve  convention  of  denoting  these  pores  by  the  metal  atoms 
j  only  (i.e.,  as  6  and  4  rings). 

This  simple  cage  stmcture  is  an  important  fundamental  building  block  and 
can  be  used  to  generate  different  porous  zeolite  strucmres  by  stmctural  archi¬ 
tecture  based  on  putting  together  ‘‘clusters  of  cages,”  as  shown  in  Fig.  3  for 
sodalite,  zeolite  A,  zeolite  Y,  and  the  hexagonal  form  of  zeolite  Y.  In  these 
structures,  the  oxygen  atoms  coordinated  perpendicular  to  the  surface  of  the 
truncated  octahedron  can  be  part  of  another  cage  (sodalite)  or  serve  as  connec¬ 
tions  to  other  cages  (zeolite  A  and'  Y  structures).  The  net  result  is  a  periodic, 
3-D  crystalline  lattice  of  cages  and  charmels  (Fig.  4).  As  illustrated,  zeolite  Y 
has  two  types  of  cages  available  for  cluster  formation,  the  smaUer  6- A  sodalite 
units  and  the  larger  13- A  alpha  cages  (Figs.  3  and  4).  For  the  purposes  of  this 
discussion  there  are  five  sites  (I,  I',  n,  II',  m)  that  are  available  for  cation 
siting  within  the  sodalite  and  supercages.  It  is  important  to  note  that  the  ion 
exchange  process  can  yield  very  different  siting  of  cations  depending  on  tem¬ 
perature,  pH,  solvent  versus  melt  ion  inclusion,  other  extra-framework  ions, 
calcination,  and  loading  levels. 

A  large  variety  of  cages  are  possible.  Excluding  the  intercage  interconnect¬ 
ing  oxygen  atoms,  the  cage  (point  group  O*)  for  zeolite  RHO  (M,2Al,2Si3609*, 
M  »  monovalent  cation)  is  defined  by  120  framework  Si,  Al,  and  O  atoms 
(Fig.  S).  In  this  zeolite  the  void  space  “outside”  the  cages  has  exactly  the  same 
geometry  as  that  defined  by  the  cages  themselves.  Every  atom  in  this  framework 
is  equally  accessible  on  both  sides  of  the  monolayer  surface,  which  defines  the 
cage  network.  It  is  in  every  sense  a  3-D  surface  with  a  surface  area  of  >700 

mVg"'- 

The  zeolite  cage  and  channel  structures  have  been  extensively  summarized 
by  Smith  (43)  and  are  illustrated  in  Figs.  6  and  7.  There  are  a  relatively  small 
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120  Atom  Cage 


Figufe  5.  120  atom  cage  structure  of  zeolite  RHO  in  its  highest  symmetrical  conhgutatioa,  space 
gnup  /m  3m.  Note:  two  sets  of  noninierpenetrating  pore  systems  separated  by  a  monolayer  of 
aluminosilicate  atoms. 


Figure  6.  Zeolite  stnictuie  cages.  The  nomenciature  is  (size  of  ring)"***'*'  "***,  for  example,  S 
implies  twelve  S-rings  make  up  the  poiyhedion  (43). 


I 


I  Figure  7.  Zeolite  stnictuie  channels  (43). 
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number  of  noncentrosymmetric  zeolite  structures  with  disordered  Al/Si  siting 
in  the  framework. 

B.  Molecular  Sieves  and  Tetrahedral  Atom  Open  Framework  Hosts 

The  discovery  of  molecular  sieves  containing  only  silicon  atoms  in  the  late 
1970s  (44),  aluminum  phosphate  (4S,  46),  silicon  aluminum  phosphates,  and 
metal  aluminum  phosphates  (47~S3),  in  the  1980s  were  particularly  important 
breakthroughs  in  the  transition  from  zeolite  to  molecular  sieve  chemistry.  This 
opened  a  window  for  entirely  new  channel  and  cage  structures.  Some  important 
examples  are  shown  in  Figs.  8  and  9.  All  of  the  channel  AlPO’s  shown  are 


Figure  8.  Aluminum-phosphate  channel  stiuctures  for  ALPO-S.  ALPO-tl  (45),  p-nitroaniline 
I  VPI-3  (54a).  A  molecule  ofp*nitioaniline  is  included  for  reference  to  show  the  relative  differences 
I  in  channel  dimensions.  Note  that  the  elliptical  shape  of  the  channel  of  ALPO-1 1  space  groups  and 
'  percent  void  space  are  indicated. 
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Figuie  9.  Cage  stiucture  of  the  gallium-phosphaie 
molecular  sieve,  cloverite.  (Rephnted  by  pennissioa 
(irom  Nature,  vol.  352,  p.  320,  copyright  ®  1991 
Macmillan  Magazines  Ltd.) 


ooncentrosynunetric  with  polar  channel  axes  (Fig.  8).  Cunently,  it  is  not  clear 
what  the  ultimate  cage  and  channel  diameters  might  be.  Known  cages  and  chan¬ 
nels,  which  make  up  zeolites,  have  free  diameters  of  up  to  12  A  such  as  those 
found  in  zeolite  Y  (39,  55).  The  natural  mineral  cacoxenite,  an  iron-aluminum 
phosphate,  possesses  15- A  channels.  The  largest  AlPO  channel  currently  syn¬ 
thesis  is  VPI-5  (54)  with  about  13  A  18-ruig  openings.  This  record  was 
tecendy  surpassed  by  the  synthesis  of  a  gallium  phosphate,  cloverite.  which  has 
20-ting  chaiuiel  openings  and  a  supercage  with  a  diameter  of  about  30  A  (56) 
(Fig.  9). 

A  priori  one  might  think  that  somewhat  larger  channel  and  cage  structures 
would  result  from  using  larger  atoms  in  the  framework.  More  specifically, 
framework  atomic  radii  in  Naj/(ZnAs04)3  •  4  HjO  (57)  are  0.60  A  (Zn^*) 
and  0.34  A  (As^*)  [cf.  0.47  A  (Ga^*)  and  0.39  A  (Ge^"^)]  so  that  one  might 
expect  to  obtain  for  a  given  zeolite  structural  analogue  the  largest  known  pores 
and  channels  with  the  zinc  arsenates.  Structural  parameters  are  given  in  Table 
I  for  (a)  a  series  of  “empty”  cage  sodalite  analogue  structures  containing  three 
molecules  of  water,  (b)  an  example  of  a  dehydrated  empty  cage,  and  (c)  an 
anhydrous  sodalite  with  a  hydroxyl  group  at  the  center  of  the  cage.  Various 
fitameworic  compositions  are  indicated. 

It  is  clear  that  increasing  the  atomic  radii  of  the  ftamework  metal  atoms  gives 
neither  a  larger  cage  nor  a  pore  opening.  This  is  indirecdy  evident  from  the 
lattice  paiameters  for  the  cubic  unit  cells  of  the  sodalite  analogue  systems,  and 
specifically  is  reflected  in  the  decrease  in  the  T— O— T'  angles  as  the  atomic 
radii  increase  (Table  I)  (58).  The  term  /4  is  the  area  of  the  triangle  of  oxygen 
atoms  that  define  the  6-ring  pore  openings  of  the  sodalite  cage.  A,  and  therefore 
the  pore  openings,  decrease  in  size  with  increasing  atomic  radii.  Structurally 
as  the  T— O  bond  length  increases,  the  T—O— T'  angle  decreases.  This  ac¬ 
cordionlike  behavior  means  that  there  is  little  change  in  the  unit  cell  dimensions 
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Compositioii 

<KA) 

e(T-0-0')* 

^(A') 

8  Na-Ring 

(A) 

NMAlSiO.),  •  4  HiO“' 

8.848(1) 

136.2(3) 

3.375 

1.33(1) 

NajtZnPO,),  •  4  HjO'*’ 

8.8281(1) 

126.1(3) 

3.280 

1.66(1) 

N»,{AlGe04),  •  4  HjO"' 

8.964(1) 

129.6(2) 

5.399 

1.610) 

N»,(G»Ge04)j  •  4  HiO"* 

9.003(1) 

123.3(2) 

3.172 

1.68(1) 

Ntj(ZnAi04)i  •  4  HjO'** 

9.0273(1) 

123.8(3) 

4.741 

1.73(1) 

N«,(AISi04),'*' 

9.122(1) 

136.3(6) 

8.288 

0.24(2) 

Na«(AlSi04),[0Hr^ 

8.734(1) 

132.9(3) 

5.37 

1.38(1) 

*J.  Fdsche,  S.  Luger,  and  C.  Baertocher.  Zeolius,  6,  367  (1986). 

*T.  M.  Nenoff.  W.  T.  A.  Hanisan.  T.  E.  Gier,  and  G.  D.  Stucky,  J.  Am.  Otem.  Soe.,  113,  378 
(1991). 

*N.  Keder.  W.  T.  A.  Haimon,  T.  E.  Gier,  C.  Zarimba.  and  G.  D.  Stucky,  submitted  for  publi- 
I  catkm,  1992. 

j  'S.  Luger,  J,  Felsche,  and  P.  Rscher,  P.  Acta  Crya.,  C43.  1  (1987). 


and  a  net  movement  of  the  oxygen  atoms  into  the  void  spaces.  The  results  axe 
of  inter^  in  light  of  the  argument  made  by  O’Keefe  (S9)  that  alumino-silicate 
stnictuies  axe  determined  by  T— O  bonding  and  T— T’  nonbonded  interactions, 
not  oxygen  atom  packing,  which  explains  the  existence  of  mineral  silicates  such 
as  diposide,  pigeonite,  and  clinoenstatite  with  the  same  silicon  atom  arrange¬ 
ment,  but  differing  oxygen  atom  configurations. 

The  net  empirical  charge  is  kept  constant  by  isovalent  substitution  as  ex¬ 
emplified  in  an  isostructural  molecular  sieve  series  conuining  Al/Si  (60), 
Ga/Si,  Al/Ge,  and  Ga/Ge  framework  atoms  (61).  In  addition  to  decreasing 
the  pore  and  cage  dimensions,  this  substitution  accomplishes  several  things.  It 
changes  the  average  framework  electronegativity,  the  framework  electric  field, 
the  band  structure  of  the  framework,  and  it  modifies  the  inherent  framework 
polarizability  along  with  the  linear  and  nonlinear  optical  properties.  This  has 
been  supponed  by  recent  studies  of  the  nonlinear  optical  response  of  the  four 
noncentrosymmettic  sodalites  with  the  above  compositions  (61).  Second  har¬ 
monic  generation  (SHG)  measurements  performed  on  the  crystalline  powders 
using  Ng-Yag  1064-nm  radiation  showed  that  substitution  of  silicon  by  ger¬ 
manium  in  Na3/ (AlSi04)3  •  4  H2O  and  Na3/ (GaSi04)3  •  4  HjO  increases  SHG 
efficiency  by  a  factor  of  3,  while  substitution  of  aluminum  by  gallium  in 
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Na3/(AlSi04}3  *  4  HjO  and  Na3/(AlGe04)3  *  4  HjO  increases  SHG  by  only 
30%.  It  can  be  concluded  that  substitution  at  a  chaise  site  (AIO2)  intnxiuces 
less  polarization  and  NLO  response  than  at  a  neutral  site  (SiOj).  There  is  only 
one  nonzero  polarizability  tensor  element  X(i23)  in  Oie  P43m  point  group  so  that 
I  it  can  be  evaluated  using  powder  SHG  measurements. 

The  parameter  5  in  Table  I  is  the  distance  of  the  sodium  atom  from  the  plane 
of  the  6-ting  tetrahedral  atoms.  If  6  »  0.  the  sodium  atoms  no  longer  have  a 
single  cage  identity,  and  are  equally  shared  between  adjacent  cages.  At  that 
point,  as  far  as  the  sodium  atoms  are  concerned,  the  structure  is  an  expanded 
lattice  with  no  definable  sodium  atom  clusters,  i^e  return  to  this  point  later  on. 

It  should  be  noted  that  from  the  late  19S0s-1988,  all  synthetic  molecular 
i  sieve  and  zeolite  materials  were  based  on  either  Group  13  (IHA)  (A1  or  Ga) 

I  and/or  Group  14  (IV A)  (Si  or  Ge)  metals.  A  consideration  of  tetrahedral  radii 

i  does  suggest  that  other  elements  might  be  used  (Table  II).  Recently,  the 

I  syntheses  of  zeolite  structural  analogues  containing  elements  from  Groups  2 
(IIA)  and  12  (IIB)  at  temperatures  as  low  as  — 20‘C  have  been  reported  (S7, 
62-65).  The  molecular  sieve  chemistry  of  these  new  framework  compositions 
is  extensive.  Using  only  the  sodium  ion  as  a  template  over  a  pH  range  from  1 
to  13  gives  nine  different  phases  within  a  narrow  temperature  range  of  which 
five  are  open  fiamework  and  one  contains  the  (ZnOljPO  3-ting  configurations. 
The  ZIPO  zeolite  X  structure  analogue  can  be  synthesized  at  -20*C  overnight 
using  mixed  templates  (e.g.,  sodium  and  tetramethylammonium  halide)  and 
nonaqueous  cosolvents.  Organic  template  phases  are  equally  prolific.  1,4-Dia- 
zabicyclo[2.2.21octane  (DABCO)  gives  seven  distinct  crystalline  phases  of 
which  five  are  open  framework  structures.  The  zinc  open-framework  structural 
field  is  expanded  further  when  one  considers  the  organophosphonates  and  phos- 
I  phites  that  have  been  described  by  Clearfield  and  co-workers  (66,  67)  and  Mal- 
I  louk  and  co-woikets  (68). 

I  TABLE  n 


Comer  Shiicd  Molecular  Sieve  Compositions 


Greups 

Chai|e 

rv-v 

SiO, 

SiOi 

0 

Silicalite 

m-v 

AlO,- 

POf 

0 

ALPO 

m-v 

AlOi'ISiO,), 

(POj*)... 

i 

SAPO 

m-iv 

(AID,-). 

(SiO,), 

x— 

Zeolite' 

nB-iv 

ZnO?- 

PO{ 

1- 

ZIPO 

a-v 

BeO|- 

AiOj* 

I- 

BEASO 

in-ui 

BOf 

BOf 

2- 

Boralite 

UB-rv 

ZnOj- 

GeO, 

2- 

ZIGE 

1  'For  example,  offretite  (zeolite)  -  (KiCa)].j((AI02)5(Si0i)iil 


I 
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The  geometries  of  molecular  sieve  channels  (Fig.  6)  and  cages  (Fig.  7)  are 
determined  by  the  cation  “template"  as  well  as  the  kinetics  of  nucleation  and 
I  solvation  effects  during  synthesis.  Sol-gel  based  syntheses  at  higher  tempera¬ 
tures  (>2(X)‘‘(D  tend  to  give  more  condensed  phases  with  smaller  pore  dimen¬ 
sions  (69).  If  the  temperature  is  lowered,  excessively  long  crystallization  time 
I  may  be  required,  for  example,  for  mordenite  synthesis  1  h,  2  days,  and  4  weeks 
at  3S0,  2()0,  and  1(X)”C,  respectively  (70);  for  zeolite  X,  6  h  at  100”C  and 
800  h  at  2S*C  (71).  With  increasing  hydrothermal  synthesis  reaction  time  one 
obtains  the  largest  pore  materials  early  in  the  reaction,  then  with  time  increas¬ 
ingly  condensed  phases  (72),  so  that  trying  to, grow  larger  crystals  by  slow 
crystallization  during  synthesis  is  usually  unsuccessful.  Because  of  the  phase 
transformations,  growth  of  single  crystals  greater  than  100  mm  must  be  carried 
out  by  appropriately  changing  the  kinetics  of  nucleation  of  the  different  phases. 
By  carrying  out  molecular  sieve  synthesis  at  lower  temperamres  one  can  hope 
to  accomplish  several  goals:  (a)  obtain  larger  pore  structural  phases,  (b)  use  the 
solvent  or  nonaqueous  cosolvents  as  structural  templates,  and  (c)  intercept 
metastable  phases  that  have  a  short  half-life  at  higher  temperatures. 

The  precedent  for  solvent  tempUaing  is  indicated  by  the  work  of  Jeffrey  in 
the  late  1960s  (73).  He  demonstrated  that  one  could  isolate  and  structurally 
characterize  gas  and  ion-pair  hydrates  at  low  temperamres.  An  example  is  tetra(i- 
j  pentyl)aitunonium  fluoride,  which  crystallizes  at  31 .2*C  with  an  empirical  for¬ 
mula  (t-C5H||)4NF  *  38  H2O.  In  addition  to  the  utility  of  tetiaalkylammonium 
fluorides  as  cosolvent  mineralizers  in  zeolite  synthesis  (74,  75),  their  solvent 
templatir^  ability  should  be  increasingly  effective  with  decreasing  temperature. 

{  Other  nonaqueous  cosolvents  should  be  equally  effective.  These  compositional 
I  changes  in  molecular  sieve  frameworks  can  serve  to  improve  conditions  for 
I  single  crystal  growth,  open  up  the  possibility  of  obtaining  new  pore  topogra- 
I  phies  with  possibly  larger  dimensions,  and  modify  the  electrostatic  field  of  the 
I  host. 

I  The  recent  synthesis  and  characterization  of  “holey”  silicon  (76a  and  b), 
with  its  unusual  luminescence  properties,  suggests  that  one  might  use  open 
framework  semiconductor  strucmres  for  electrooptic  applications.  An  intriguing 
start  in  this  direction  is  provided  by  the  recent  report  of  metal  sulfide-based 
microporous  solids.  The  materials  initially  reported  are  based  on  germanium- 
(TV),  tin(rV)  (76c),  and  antimony(III)  (77)  sulfide  frameworks,  synthesized  hy- 
drothermally  with  organic  templating  agents. 

C.  Nontetrahedral  Atom  Open  Framework  Structures 

Namre  has  provided  numerous  intriguing  examples  of  open  framework  struc¬ 
mres  containing  both  four-  and  six-coordinate  metal  atoms,  only  a  few  of  which 
have  been  successfully  synthesized.  The  octahedral  geometry  is  in  general  ex- 
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i  pected  to  be  less  thermally  and  chemically  stable.  A  nonaqueous  solvent  ap¬ 
proach  with  organometallic  precursors  has  been  used  to  synthesize  hureaulite 
and  alluaudite,  two  open  framework  iron  phosphates  (78).  More  recently, 
Haushalter  and  co-workers  (79)  described  a  large  number  of  reduced  Mo(rV)- 
Mo(V)  open  framework  phosphates.  Two  interesting  members  of  the  iron  phos¬ 
phate  and  arsenate  mineral  family  are  the  30-ring  chaiuiel  (free  pore  diameter 
14.2  A)  cacoxenite  ([A1(A1,  Fe)3Fe2,04(0H),j(P04),7(H20)24l  •  51  H2O)  (80), 
and  the  smaller  8-ring  channel  pharmacosiderite  (KFe4(OH)4(As04)3  *  8  H2O] 
(81)  (Fig.  10).  The  latter  is  another  example  of  a  cluster  of  cages;  the  cages  in 
this  case  being  the  M4X4  cubane  structure  (82,, 83).  These  have  been  synthe¬ 
sized  as  M4Ge70,4  (M  =  Li,  Na,  K,  Rb,  Cs,  or  H);  M4(Ti0)4(Si04)3  (M  = 
K,  Na,  or  H);  M4aiO)4(Ge04)3  (M  =>  K  or  H),  and  (K,  H)5(FeO)4(As04)3 
(61).  In  all  cases  there  are  7-8  water  molecules  associated  with  the  empirical 
formula. 

In  fact,  coordination  numbers  higher  than  four  are  found  even  in  aluminosili¬ 
cate  zeolite  and  aluminum  phosphate  chemistry.  Dehydration  and  calcination 
followed  by  rehydradon  frequendy  results  in  the  generadon  of  aluminum  atom 
coordinadon  numbers  higher  than  four  in  aluminum  silicates.  Both  four-  and 
six-coorditute  aluminum  are  found  in  the  strucmre  of  VPI-S  (56).  Gallium 
phosphate  zeolite  structural  analogues  prepared  in  the  presence  of  fluoride  ion 
have  been  shown  to  contain  five-coordinate  gallium,  with  the  fluoride  atom  in 
the  center  of  double  4-ring  cages  (84). 
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Hofmann-type  inclusion  compounds,  for  example,  the  prototype  Ni(CN)2  * 
NH3  ■  (8S),  with  rodlike  or  aromatic  bifunctional  bridging  ligand  groups 

being  used  to  create  scaffolding  for  guest  molecular  inclusion,  can  be  made  in 
a  variety  of  configurations  with  a  large  range  of  cavity  and  pore  sizes  (27,  86, 
87).  A  recent  example  is  the  reaction  of  PdL  (HjL  -  S,10,15,20-tetra(4-pyri- 
dyl)-21  /f,23  Tf-porphine)  with  excess  Cd(N03)2  in  H2O— MeOH— EtOH  to 
yield  crystals  of  (PdL)  •  2  Cd(N03)2  •  n  H2O,  a  new  type  of  infinite  3-D  open 
framework.  One  can  envision  using  these  lattices  to  create  nanoengineered  re¬ 
dox  materials,  which  take  advantage  of  transition  metal  and  organic  bridging 
ligand  electron-transfer  properties  as  modified  qr  utilized  by  solvent  guest  in¬ 
clusion  molecules. 


D.  Other  Large  Channel  Systems 

It  has  been  known  for  some  time  that  varying  the  degree  of  misfit  between 
two  structurally  bonded  layers  (88-91)  will  convert  planar  2-D  layers  into  a 
tubular  or  alternating  wave  morphology.  For  example,  Mg3Si205(0H)4  ts  stmc- 
turally  formed  from  a  layer  of  magnesium  atoms  that  is  octahedrally  coordinated 
and  a  layer  of  silicon  atoms  that  is  tetiahedtally  coordinated.  The  Si  layer  has 
a  smaller  repeat  dimension  than  the  Mg  layer.  The  mismatch  between  the  two 
is  overcome  by  bending  with  the  Mg  layer  on  the  outside  of  the  curve.  The 
ideal  radius  of  curvature  has  been  estimated  to  be  88  A  for  the  strain  free 
composition,  Mg3(Si203)(0H)4. 

Since.the  strain  free  radius  is  determined  by  the  degree  of  misfit  between 
the  Si  layer  and  the  Mg  layer,  substitutions  of  atoms  of  different  radii  can 
cause  considerable  variation  in  pore  diameter.  Synthetically  controlling  the 
composition  allows  one  to  tailor  fi^r  bundles  to  specific  radii  within  which 
to  construct  quantum  wires.  For  example,  the  chemical  composition  of  alumi¬ 
num  substituted  materials  can  be  described  by  the  general  formula 
(Mgs  -4  Al,)(Si2x  A1x)03(0H)4,  where  or  >  0. 125  gives  rise  to  a  planar  structure 
while  X  <  0.125  results  in  the  tubular  structure.  A  Mg/Ge  combination  gives 
a  planar  layer  structure,  while  Si/Al  gives  a  structure  of  negative  curvamre 
from  that  of  Si /Mg.  Corrugated  and  wavelike  structures  are  also  feasible  with 
appropriate  compositions. 

In  nature  there  are  a  variety  of  minerals  that  have  planar  (lizardite  or  ame- 
site),  alternating  waves  (antigorite)  and  cylindrical  (chrysotile)  morphologies. 
Electron  microscopy  studies  of  chrysotile  fibers  show  that  they  consist  of  curled 
layers  that  form  concentric  cylinden  with  typical  dimensions  of  220-270  A  for 
the  outer  diameters  and  70-80  A  for  inner  diameters  (92).  It  is  not  uncommon 
to  find  a  bundle  consisting  of  almost  uniformly  sized  (within  a  few  angstroms) 
tubular  monofilaments.  The  typical  length  of  the  naturally  occurring  fibers  is  of 
the  order  of  several  centimeters. 
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;  E.  Nonlinear  Optic  Hosts— KTi0P04  Structural  Family 

I  An  especially  commercially  important  host  for  electrooptic  applications  is 
the  titanyl  phosphate  (Ti0P04)~  host  lattice  of  the  KTi0P04  (KTP)  stnictural 
family.  The  host-guest  properties  of  KTP  make  it  possible  to  design  and  syn¬ 
thesize  a  large  structural  held  (cutiendy  over  SO  members)  to  fine  tune  and 
modify  optical  properties  (11).  Like  all  crystalline  phases  that  show  second- 
order  nonlinearity,  KTP  is  noncentrosymmetric,  crystallizing  in  the  orthorhom¬ 
bic  space  group  Pmz2|.  The  unit  ceil  asymmetric  unit  is  (KTi0P04)2  so  that 
there  are  two  unique  crystallographic  sites  for  eaph  atom  in  the  atomic  formula. 

!  The  potassium  atoms  can  be  reversibly  ion  exchanged  and  gas-phase  modifi¬ 
cation  of  HTi0P04  with  small  molecules  such  as  H2O  or  NH3  is  readily  achieved 
(93).  Because  all  of  these  atoms  are  in  general  positions,  this  ion  exchange 
chemistry  can  be  carried  out  with  site  selectivity  for  the  two  independent  guest 
positions.  These  sites  also  can  be  varied  by  changing  the  cation  guest.  In  ad¬ 
dition  to  using  this  inclusion  chemistry,  the  optical  and  physical  properties  can 
be  modified  by  isomorphous  substitution  into  the  host  (Ti0P04)~  framework. 

The  Ti— O  units  like  together  to  form  a  helical  chain  along  [01 1]  with  these 
bridging  titanyl  oxygen  atoms  trans  for  one  of  the  two  structurally  independent 
titanium  atoms  and  cis  for  the  other  titanium  atom.  For  each  titanium  atom  there 
is  a  shon  (<1.75  A)  “titanyl”  Ti— O  bond  trans  to  a  long  (>2.10  A)  Ti— O 
bond.  This  long  bond  is  to  a  titanyl  oxygen  atom  in  the  trans  Ti— O  linkage 
and  to  a  phosphate  oxygen  atom  in  the  cis  titanyl  linkage  (Fig.  1 1).  The  frame¬ 
work  TiO«  chains  are  linked  together  by  phosphate  bridges  (right.  Fig.  II).  The 
open  nature  of  this  framework  allows  cations  to  diffuse  parallel  to  [001],  which 
is  also  the  polar  axis.  This  ease  of  diffusion,  with  ionic  conductivities  ranging 


Figure  11.  Potassium  titanyl  phosphate  (KTP)  stnicture.  Helical  chains  {left)  of  titanyl  (TiO)  are 
linked  together  by  phosphate  groups.  Ti  1  and  Ti  2  are  coordinated  cis  and  tnns  by  titanyl  oxygen 
atoms,  respectively. 
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from  10~*  to  10~'°  (Q  cm)~‘,  depending  on  the  method  of  synthesis  and  defect 
I  chemistry  (94,  95)  allows  both  ion  exchange  (96)  and  gas-phase  desorption  and 
I  resorption  to  take  place  (93). 


in.  THE  HOST-GUEST  RELATIONSHIP 

The  above  description  of  hosts  is  based  on  composition  and  static  structure, 
an  implied  offer  of  "this  is  what  you  get"  to  any  guest  that  happens  to  come 
along.  Fortunately,  life  is  not  so  simple,  and,  as  suggested  above,  a  much  better 
perspective  is  a  dynamic  point  of  view  in  which  the  host  and  guest  properties 
ate  considered  in  relation  to  the  effect  that  each  has  on  the  other.  For  example, 
the  cavity  electric  field  in  zeolite  changes  with  the  type  of  cation  that  is  ex¬ 
changed  into  the  zeolite  and  how  it  is  sited.  The  host  "sutic"  structure  itself 
is  a  zeroth-order  approximation  that  can  be  strongly  affected  by  the  type  of 
guest,  the  number  of  guest  atoms  or  molecules,  attd  external  environment  such 
as  temperature.  Perturbation  of  the  host  at  a  specific  site  is  felt  throughout  the 
3-D  surface  continuum,  sometimes  leading  to  a  collective  response.  This  sec¬ 
tion  considers  some  of  the  properties  of  the  host  and  guest,  which  ate  accessible 
variables  modified  by  the  presence  of  the  guest  or  host,  respectively. 

A.  Host  Variables  in  Interface  Dynamics 
^  I.  Three-Dimensional  Surface  Elearic  Fields 

Whether  the  goals  are  to  cany  out  self-organization  on  a  3-D  surface  or  use 
guest  atoms  to  perturb  that  surface,  a  knowledge  of  the  potential  properties  of 
the  surface  continuum  is  essential.  Efforts  to  parameterize  the  potential  param¬ 
eters  for  inorganic  matrices  is  considerably  twhind  that  for  organic  molecules 
so  that  ab  initio  quantum  mechanical  calculations  of  the  interaction  of  an  atom 
or  molecule  with  a  3-D  surface  are  in  the  initial  stages  of  being  tested  against 
experiment  (97-106).  Some  attempts  have  been  made  to  use  a  periodic  treat¬ 
ment  for  extended  lattices,  for  example,  in  the  program  CRYSTAL  (107).  Its 
application,  however,  has  been  limited  to  simple  zeolites  with  an  all  silica  (SiO^) 
framework.  Furthermore,  gradient  techniques  are  not  available  so  that  most  of 
the  reported  efforts  have  been  with  finite  models. 

In  general,  for  the  finite  model  a  classical  force  held: 


Kool  ™  ^bond  simeh  ^bc 


(1) 
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is  assumed.  The  electrostatic  interaction  potential  for  the  framework  re¬ 
quires  atomic  charges  as  parameters,  regardless  of  the  form  of  potential  that  is 
used.  Electronegativity  eqiudization.  CNDO  and  INDO  semiempirical  and  SCF- 
Mulliken  have  given  atomic  charges  for  the  silicon  atom  that  range  from  0.4  to 
1.91  (108-111).  For  example,  the  variation  in  SCF-Muiliken  charges  for  sili¬ 
con  in  a  given  s^icate  is  0.69-1.1.  The  interaction  of  molecules  or  atoms  with 
the  surface  is  then  due  to  electrostatic  and  dispersion  interactions,  typically 
calculated  using  Lennard-Jones  type  of  potential.  In  spite  of  the  uncertainties 
evident  in  the  literature  for  obtaining  a  quantitative  formulation  and  parameter¬ 
ization  to  describe  the  potential  surface,  some  optimism  is  warranted  in  view 
of  the  intense  efforts  currently  being  made  to  experimentally  and  theoretically 
establish  a  predictive  model  for  open  cage  structures. 

Experimentally,  it  is  well  established  that  the  electrostatic  field  within  zeolite 
or  molecular  sieve  cavities  are  large  and  can  be  used  in  dramatic  ways  to  modify 
the  chemistry  (1 12-1 16).  Some  of  the  earliest  estimates  of  these  fields  at  cation 
sites  in  zeolites  were  made  by  Dempsey  (117)  (Table  HI).  The  magnitude  of 
these  fields  was  used  to  explain  the  reason  (a)  NO  disproportionates  as^  shown 
below,  even  though  the  net  free  energy  for  this  reaction  under  standard  state 
conditions  is  positive,  and  (b)  the  ease  with  which  NaCl  can  be  introduced  into 
the  zeolite  cage  300®C  below  its  melting  point  (118). 


4  NO - -  NO*  +  NOf  +  NjO 

(2) 

NaQ  — Na*  4-  Cl"  (mp  801  *C) 

(3) 

A  more  recent  example,  which  demonstrates  the  importance  of  cage  potential 
fields  on  inclusion  chemistry,  is  shown  by  the  ability  to  form  cation  radicals  of 
the  polyenes  within  Na-ZSM-5  (1 19).  The  effective  emf  potential  of  the  zeolite 
is  1.65  V  versus  SCE.  The  most  probable  source  of  this  effective  potential  is 
from  the  generation  of  cationic  Lewis  defect  sites  by  dehydroxylation  of  the 
zeolite  framework.  An  important  point  to  be  made  for  this  discussion  is  that 
electrostatic  fields  can  be  large  and  dominate  self-organization  and  assembly 
within  a  zeolite  cage. 


TABLE  HI 

Aluminosilicate  Cage  Electric  Fields  (V  /  A  * ') 


Site  II  Cation  ( A) 

Site  III  Cation  ( A) 

Zeolite 

1 

1.75 

2.3 

I  1.75 

2.3 

NaY 

2.4 

0.94 

0.43 

3.2  1.3 

0.64 

CaY 

6.4 

3.2 

1.8 
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2.  Framework  Flexibility 

Shape  selectivity  in  molecular  sieve  catalysis  and  absorption  has  been  exten¬ 
sively  studied  [see,  e.g.,  (120)]  and  delineates  the  precision  with  which  molec¬ 
ular  recognition  and  self-assembly  can  be  achieved.  The  effect  of  pore  diameter 
on  molecular  diffusivity  and  energy  of  activation  of  diffusion  is  shown  in  Fig. 
12  (121).  The  exact  quantities  depend  on  the  topography  and  polarity  of  the 
I  soibate  species,  the  potential  surface  of  the  molecular  sieve,  and  temperature; 

I  however,  the  general  trends  shown  should  be  universally  relevant  in  nanoscale 
self-organization  in  3-D  channels  and  cages.  The  areas  of  specific  interest  to 
this  chapter  are  the  nearly  vertical  regions  in  which  small  changes  in  pore  di¬ 
mensions  can  cause  large  changes  in  diffusivity  or  energy  of  activation.  Moore 
and  Katzer  (122)  suggested  that  for  a  given  molecular  diameter,  a  change  of 
i  O.S  A  in  the  difference  between  the  effective  pore  diameter  and  molecular  di¬ 
ameter  would  result  in  a  change  of  one  to  two  orders  of  magnitude  in  the  dif¬ 
fusivity.  This  kind  of  sensitivity  in  atomic  and  molecular  reccgnition  is  pre¬ 
cisely  what  is  needed  in  order  to  create  the  umfotmity  in  size  and  dispersion  of 
atomic  clusters  in  photonic  applications  such  as  that  described  in  the  introduc¬ 
tion  (123).  The  cage  and  channel  sizes  in  molecuir  sieves  can  be  significantly 
altered  by  the  guest.  Conversely,  the  local  geometry  of  a  given  cluster,  includ¬ 
ing  bond  lengths,  can  be  changed  by  relatively  small  variations  in  the  cage 
dimensions.  The  sodalite  cage  structure  is  one  of  the  simplest  in  the  zeolite 
family  and  serves  as  a  good  example  to  illustrate  these  points. 

As  a  60-atom  cage  with  sufficiently  large  windows  to  permit  reversible  in- 
clusion,,'it  is  of  some  interest  to  review  the  molecular  and  atomic  species  that 
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TABLE  IV 


Number 
of  Atoms 

Examples 

3 

Ns)  "Empty  Cage" 

4 

Na4 

3 

C4.Te 

3-7 

NiuS.  X  -  1-3 

8 

C(l.S4 

9 

Na4Mn04 

13 

Na4Al(OH)4 

-  13 

Na,(H:0)4 

o 


Metal  Atom 
Anion  Atom  or  Group 


can  fit  inside  this  cavity  (Table  IV).  An  example  is  the  8-atom  cubane-lilce 
cluster  formed  by  cadmium  sulfide  in  the  sodalite  (fi)  cages  of  zeolite  Y  (124). 
The  compound  Na4Q03  is  an  8-atom  cluster  found  in  the  sodalite  cage  with  a 
different  geometry,  that  is,  a  cubane-type  structure  with  one  oxygen  atom  miss¬ 
ing  from  a  comer  site  and  a  chlorine  atom  at  the  center  (12S).  The  S-atom  M4X 
cluster  is  present  as  Zn4S  in  Zn4S(BeSi04)}  (126)  and  discussed  in  more  detail 
below.  One  can  have  at  least  9  nonhydrogen  atoms,  or  as  many  as  17  atoms,  if 
hydrogen  atoms  are  included  within  a  somite  cage. 

The  term  “empty  cage”  is  used  here  to  refer  to  strucmres  that  do  not  contain 
atoms  at  the  center  of  the  cage.  This  is  denoted  in  empirical  formulas  by  [  ], 
for  example,  Na3(  ](AlSi04)3  for  ^  “empty”  cage  containing  Nas,  versus 
Na4Br(AlSi04)3  for  a  “filled”  cage  containing  Na4Br.  Empty  cage  structures 
can  be  made  by  direct  synthesis  or  by  the  reactions  indicated  below  (i.e.,  stan- 
ing  with  a  sodalite  that  has  a  hydroxide  group  at  the  center  of  the  cage)  in  which 
sodium  hydroxide  is  removed  by  extraction  to  give  “empty  cages"  containing 
three  sodium  atoms  (127) 

Na4(0Hl(AlSi04)j  — — *  Naj[  ](AlSi04)3  +  NaOH  (4) 

IQSMCl 

Na4[0Hl4[Brl,_4(AlSi04)3 - -  Na4_4l  LrBr),_4(AlSi04)3  +  x  NaOH 

(5) 

Alternatively,  a  specified  number  of  empty  and  filled  cages  can  be  synthesized 
by  starting  with  a  material  that  has  some  cages  conuining  hydroxide  and  others 
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containing  the  desired  atoms.  Hydroxide  extraction  then  will  leave  the  desired 
fraction  of  cages  filled  with  the  cluster  surrounded  by  empty  cages. 

Numerous  other  cage  geometries  and  charges  are  accessible,  such  as  the  4-9 
combination,  Na,[S04]/(AlSi04)6  (128)  (an  equal  number  of  cages  containing 
4-atom  and  9-atom  clusters),  the  5-atom  mixed  cluster  of  Zn3GaAs(B02),2 
(129),  and  clusters  designed  for  ternary  metal  atom  cages  as  in  [(CH3)4N]- 
(MgAl2P30,2)  (130). 

Upon  dehydration  of  Na3/(AlSi04)3  *  4  H2O  there  is  a  dramatic  framework 
displacement  of  the  60-atom  cage.  The  area  of  the  pore  opening  increases  80% 
so  that  the  structure  becomes  much  more  permeable.  The  T— O— T'  angle  in¬ 
creases  20*  in  going  from  Na3/(AlSi04)3  •  4  H2O  to  Na3/(AlSi04)3  and  the 
sodium  atom  moves  to  within  0.24  A  of  the  center  of  the  pore  opening.  This 
means  that  0.24  A  is  the  displacement  required  for  the  Na^***  cluster  identity 
to  be  lost  and  the  stmcmre  to  be  transformed  into  an  expanded  Na*^  lattice  with 
sodium  ions  equally  shared  in  the  windows  between  cages.  The  sodium  atoms 
can  be  pulled  back  into  a  given  cage  by  placing  within  the  cage  a  charged 
species  such  as  the  hydroxyl  ion.  The  consequence  of  this  is  a  smaller  T-^O— T ' 
angle  and  a  smaller  6-ring  pore  opening  (Table  I). 

Other  ways  of  varying  the  framework  geometry  are  shown  in  Table  V.  For 
example,  placing  a  relatively  large  atomic  group  such  as  MnOr  (61)  at  the 
center  of  the  cage  increases  the  pore  size  opening  and  moves  the  sodium  atoms 
towards  the  center  of  the  6-ring  opening.  Taylor  and  co-workers  (131)  carefully 
modeled  this  anion  size  control  of  the  sodalite  structure.  The  metal  atoms  at  the 
6-ring  sites  are  also  closer  to  the  expanded  lattice  positions  in  the  sodalite  an¬ 
alogue  structures,  which  have  small  cages  because  of  small  atomic  radii  [0. 1 1 


TABLE  V 

n-Vl.  lU-V.  and  n,  OI-V  ausieB 


Lattice^ 

M-X 

(A) 

Cage-io-Cage 

(A) 

Zn,SB 

2.260(3) 

6.61 

ZiuS  H 

2.346(2) 

7.03 

ZiuSHG 

2.345(3) 

7.16 

Cd,SH 

2.471(3) 

7.31 

CiLSHC 

2.508(4) 

7.46 

Zn.SeB 

2.368(3) 

6.66 

Zn,GaP  B 

2.202a) 

6.59 

Za,GaAs  B 

2.299(2) 

6.64 

Bulk 

ZnS  2.34 

CdS  2.52 

GaP  2.36 

ZnSe  2.43 

CdSe  2.62 

GaAs  2.44 

*B  ”  BoralUe 

”  H  *  BC)Si}Of2.  HG 

=  Be3Ge30i2. 
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i  A  0.27  A  (Be^"^),  and  0.17  A  (P**)].  With  careful  diffiaction  mea- 

I  surements  the  variation  in  cell  dimensions  frequently  can  be  used  to  monitor 

guest  occupancy. 

The  most  dramatic  case  of  framework  flexibility  in  a  3-D  surface  is  found 
I  forzeolite  RHO  (132-134).  Zeolite  RHO  has  an  unusual  3-D  monolayer  surface 
with  a  topology  that  gives  equal  access  to  either  side  of  the  surface  (Fig.  S). 
Since  there  are  no  supporting  structural  subunits,  for  example,  smaller  cages  or 
channels,  RHO  exhibits  atypical  framework  flexibility  with  large  displacive 
rearrangements.  In  the  case  of  other  cation-substinited  zeolites,  charge  com¬ 
pensation  may  produce  lanice  strain  sufficient  to  promote  decomposition  of  that 
zeolite  under  mild  conditions.  By  virtue  of  its  flexibility,  the  RHO  framework 
is  able  to  distort  and  relieve  the  strain  imposed  by  the  charge-compensating 
ions. 

The  cubic  unit  cell  of  RHO  for  a  given  aluminosilicate  framework  compo¬ 
sition  can  be  varied  from  13.9645(7)  to  15.098(2)  A  by  cation  inclusion.  The 
normally  cylindrically  shaped  pore  opening  at  large  unit  cell  sizes  is  distorted 
into  an  elliptical  geometry  (Fig.  13).  The  distortion  can  therefore  be  character¬ 
ized  by  a  parameter  A,  which  is  essentially  the  difference  between  the  major 
and  minor  axes  of  the  ellipse.  The  parameter  A  varies  from  0  to  2.5  A  as  the 
cubic  unit  cell  lattice  parameter  changes  from  15.098(2)  A  to  13.9645(7).  The 
pore  is  defined  by  “double  8  rings'*  that  is,  two  8  rings  that  are  directly  con¬ 
nected  through  oxygen  atoms  (Figs.  5  and  13).  The  distortion  or  ellipticity  of 
the  double  8  ring  is  such  that  the  major  elliptical  axes  of  the  two  8  rings  are 
orthogonal  to  each  other.  For  other  zeolites,  control  over  ring  aperture  dimen¬ 
sions  is  achieved  typically  using  different  sized  cations  as  in  zeolites  3A,  4A, 


I  FigufC  13.  Ffamework  flexibility  of  zeolite  RHO  stnicture.  Oistonion  can  be  introduced  by  cation 
siting  at  6  rings  (Li)  or  8  rings  (Ag  or  Ca).  (Reprinted  with  permission  from  D.  R.  Corbin.  L. 
'  Abrams.  G.  A.  Jones,  M.  M.  Eddy,  W.  T.  A.  Harrison.  G.  D.  Slucky.  and  D.  E.  Cox.  J.  Am. 
I  Chem.  Soc.,  1 12.  4821  (1990).  Copyright  ©  (1990)  American  Chemical  Society.] 
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and  5A  where  the  cations  K*.  Na"^,  and  Ca^"^  eclipse  the  ring  opening  to  vary¬ 
ing  degrees  depending  on  their  size  and  population.  For  zeolite  RHO,  however, 
it  is  the  fiameworic  itself  that  distorts  to  modify  the  cage  openings. 

This  control  of  cage  openings  by  distortion  of  the  surface  continuum  can  be 
done  in  two  ways  (Figs.  13  and  14).  If  the  cation  chooses  to  site  on  one  of  the 
8-ting  openings  as  illustrated  for  Ag'^  in  Fig.  13  or,  inside  the  double  8  rings 
as  shown  for  the  tetrahedrally  coordinated  Ca^'*'  in  Fig.  14,  the  host  framework 
is  distorted  but  the  pore  is  blocked  by  the  cation.  If  the  cation  chooses  an  al¬ 
ternative  6-ring  site,  however,  the  framework  is  distorted  in  the  same  fashion 
while  retaining  complete  pore  access.  As  shownjn  Fig.  IS,  the  response  of  the 
framework  is  determined  by  the  charge  density  of  the  cation,  except  for  the 
“soft”  cations,  Ag"^  and  Cd^*.  As  the  charge  density  of  the  substituted  cation 
increases  the  unit  cell  becomes  smaller  and  A  becomes  larger.  This  remarkable 
degree  of  control  over  pore  size  opening  by  framework  atom  displacement  with¬ 
out  cation  siting  within  the  diffusion  pores  is  unprecedented  in  molecular  sieve 
chemistry.  It  is  indeed  interface  control  by  selective  guest  siting. 

Orte  other  challenge  for  theorists  comes  out  of  this  study.  Theoretical  mod¬ 
eling  and  analysis  of  experimental  data  for  atomic  or  molecular  absorption  and 
self-organization  within  a  3-D  surface  still  almost  universally  assume  that  the 


I  Figure  14.  Double  8  ring  with  tetrahedral  calcium  atom  in  the  zeolite  Ca  RHO.  (Reprinted  with 
I  pemtiasion  from  O.  R.  Corbin.  L.  Abrams.  O.  A.  Jones.  M.  M.  Eddy,  W.  T.  A.  Harrison. 
I  G.  D.  Stucky.  and  D.  E.  Cox.  7.  Am.  Chem.  Soc. .  112, 4821  (1990)  Copyright  ©  (1990)  American 
j  Chemical  Society.] 
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a(A) 

Figuic  13.  The  square  of  the  cation  change  density  (ZV)  plotted  against  the  unit  ceil  edge  for 
ion  exchanged  zeolite  RHO.  (Reprinted  with  pemiission  froin  D.  R.  Corbin,  L.  Abnuns.  C.  A. 
Jones,  M.  M.  Eddy,  W.  T.  A.  Harrison,  G.  D.  Stucky,  and  D.  E.  Cox,  J.  Am.  Oiem,  Soc..  112. 
4821,  (1990).  Copyright  ©  (1990)  American  Chemical  Society.] 

host  franiework  is  rigid  and  that  the  bond  lengths  of  the  atoms  within  the  frame¬ 
work  are  invariant  with  absorption  (lOS,  13S).  This  system  presents  a  unique 
opportunity  to  examine  the  implications  of  this  assumption  with  a  fixed  frame¬ 
work  composition.  Figure  16  shows  the  variation  of  the  average  T— O  bond 
length  (T  =■  Si  or  Al)  versus  average  T— O— T  angle.  The  average  T— O— T 
angle  varies  from  130  to  150*  with  an  associated  small  but  significant  change 
of  0.02  A  in  average  T— O  bond  length.  The  RHO  example  of  framework 
distortion  is  an  exceptional  example  of  the  reality  that  guest-host  interactions 
are  key  variables  in  controlling  chemistry,  orientation,  and  self-organization  in 
3-D  inclusion  chemistry. 

3.  External  Tuning  of  Host  Response  by  Temperature,  Pressure,  and 

Elearic  Fields 

Host  composition,  topography,  dielectric  properties,  and  flexibility  are  in 
some  cases  a  sensitive  function  of  the  external  environment.  Dehydroxylation 
or  solid  state  phase  transitions  can  change  composition.  In  the  case  of  fenoelec- 
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I  FiguR  16.  Effect  of  fnmewoilc  disioitioii  on  mean  bond  length  and  mean  bond  angle  for  zeolite 
RHO.  (Reprinted  with  pemtistion  from  D.  R.  Coibin.  L.  Abiama,  G.  A.  Jones.  M.  M.  Eddy, 
W.  T.  A.  Harrison,  G.  0.  Stucky,  and  O.  E.  Cox.  J.  Am.  Chem.  Soc..  112. 4821.  (1990).  Copy¬ 
right  ®  (1990)  American  Chemical  Society.] 


tries  framework  displacements  as  a  function  of  temperature  lead  to  a  paraelectric 
phase  transition  (136).  Abrahams  and  co-workers  (137)  have  studied  a  large 
number  of  ferroelectrics  and  established  that  the  Curie  temperature  Tq  is  pro¬ 
portional  to  the  square  of  the  displacements  of  the  atoms  from  their  positions 
in  the  prototypic  high-temperature  phase.  An  intriguing  pressure  driven  se¬ 
quence  of  the  potassium  titanyl  phosphate  phase  transitions,  ferroelectric 
antiferroelectric  -*  paraelectric  has  bMn  reported  by  (138).  The  Raman  spec¬ 
troscopy  studies  show  a  first-order  transition  at  55  kbar,  which  is  driven  by  an 
A I  phonon  mode  at  36  cm~'  for  the  ferroelectric  antiferroelectric  transition 
and  an  antiferroelectric  -*  paraelectric  transformation  at  90-100  kbar.  1  initiated 
the  structural  mapping  of  this  mode  with  Bob  Hazen  of  the  Carnegie  Geophys¬ 
ical  Laboratory.  Our  results  to  date  show  a  unique  softening  of  the  lattice  as 
the  phase  transition  is  approached,  which  is  reflected  in  the  angular  displace¬ 
ment  of  a  titanium  octahedron  with  respect  to  a  phosphate  tetrahedron.  For 
example,  a  single  Ti— O— P  bond  angle  changes  6.1*  between  atmospheric 
pressure  and  10  kbar.  The  next  largest  angular  distortion  is  1 .9°  between  tita¬ 
nium  octahedra,  while  all  other  angular  changes  are  less  than  1  ” . 
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The  host-guest  interface  relationship  is  also  clearly  evident  in  the  external 
pressure  response  of  zeolites.  The  compressibility  of  zeolite  4A  to  40  kbar  is 
dependent  on  the  relative  sizes  of  the  hydrostatic  fluid  molecules  compared  with 
the  structural  channels  in  the  zeolite  framework  (139,  140).  Compression  in 
water  is  normal,  with  no  observed  phase  transitions.  Compression  in  alcohols 
is  twice  as  great  as  in  water,  and  three  volume  discontinuities  were  observed. 
These  volume  changes  in  alcohol  were  rapid  with  increasing  pressure  but  slug¬ 
gish  in  reverse.  High-pressure  “phases,”  all  of  which  are  dimensionally  cubic, 
are  progressively  more  compressible  at  high  pressure.  These  unusual  high-pres¬ 
sure  phenomena,  which  indicate  signiflcant  interactions  between  zeolite  4A  and 
the  hydrostatic  media,  are  consistent  with  differences  in  zeolite  adsorption  of 
water  and  alcohols. 

The  changes  in  the  X-ray  diffraction  pattern  during  the  deammoniation  of 
NH4RHO  (Fig.  17)  (141)  and  unit  ceil  parameters  of  Cd^*^  RHO  due  to  the 
resiting  of  cadmium  ions  in  zeolite  RHO  as  a  function  of  temperature  (Fig.  18) 
(134)  are  not  unique.  Diflfiision  activation  energies,  framework  displacement 
and  reconstruction  all  need  to  be  considered  with  tempetai..,;  as  parr  of  the 
synthesis  phase  space. 

The  ultimate  success  in  developing  nanocomposite  materials  based  on  3-D 
inclusion  will  depend  on  the  ability  to  create  homogeneous  nanophases  through¬ 
out  the  bulk  of  the  material.  Direct  synthesis  with  loaded  precursors  is  one 
approach  to  alleviating  this  problem.  For  example,  in  the  synthesis  of  semicon¬ 
ductor  clusters  with  otganometallic  precursors,  the  siting  and  loading  of  the 
precursora  is  critical  (142).  Alternatively,  it  is  necessary  to  control  self-assem¬ 
bly  kinetics  and  diffusion  both  in  and  out  of  the  host.  This,  in  mm,  is  a  sensitive 


z*— » 


NH4Rho  — ►  HRho 

Figure  17.  Sinictuni  variarion  of  zeolite  RHO  during  deammoniation.  (Reprinted  with  permission 
from  D.  R.  Corbin,  L.  Abrams,  G.  A.  Jones.  M.  M.  Eddy,  W  T.  A.  Harrison,  G.  D.  Stucky, 
and  D.  E.  Cox.  J.  Am.  Chem.  Soe.,  112,  4821,  (1990).  Copyright  ©  (1990)  American  Chemical 
Society.] 
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Figure  18.  Change  in  unit  ceil  parameten  of  cadmium  RHO  during  heating  and  cooling.  (Re¬ 
printed  with  permission  from  D.  R.  Coitoin.  L.  Abrams.  G.  A.  Jones.  M.  M.  Eddy.  W.  T.  A. 
Harrison.  G.  D.  Sracky.  and  D.  E.  Cox,  J.  Am.  Oum.  Soe.,  112,  4821.  (1990).  Copyright  © 
(1990)  American  Chemical  Society.] 

function  of  the  host-guest  interaction  and  host  surface  flexibility  as  a  function 
of  temperature. 

Electric  fields  are  commonly  used  in  poling  ferroelectrics  and  controlling 
domain  dipole  orientation.  Similar  responses  may  be  useful  in  inclusion  nano¬ 
composite  fenoelectiic  and  NLO  materials.  Recently,  electric  field  alignment 
of  small^crysrals  of  the  polar  molecular  sieve,  AlPOa-S,  has  been  described 
(143)  ustog  an  electric  field  in  the  kilovolt  per  centimeter  (kV  cm"')  range.  The 
aligned  crystals  were  then  fixed  in  an  epoxy  resin  with  suggested  potential  ap¬ 
plications  as  molecular  sieve  membranes,  NLO  and  media  for  aligned  organic 
polymers. 

4.  Guest  Modification  of  Host  Elearonic  and  Optical  Properties 

This  is  described  in  more  detail  in  Section  IV  (Nanocomposite  Synthesis  and 
Properties).  The  structural  and  bonding  interactions,  which  are  introduced  by 
the  presence  of  the  guest  at  the  host-guest  interface,  can  be  used  to  modify  the 
host  electrooptic  properties.  Selective  siting,  guest  coordination  preferences  and 
the  strength  of  the  guest-host  bonding  can  all  be  used  as  important  tunable 
parameters  in  the  design  of  electrooptic,  materials. 

5.  Host  Surface  Reconstruction  and  Modification 

The  host  can  also  respond  to  the  guest  through  framework  reconstraction  and 
chemical  bond  formation.  The  idea  here  is  to  use  the  host  framework  as  scaf¬ 
folding  on  which  to  carry  out  self-assembly  or  as  a  templating  guide  for  ab- 
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sorbed  molecules.  Functionalization  of  the  framework  can  be  carried  out  by 
silanation  (144,  145)  phosphorylation  (146),  and  condensation  reactions  with 
metal  halides,  such  as  Cl2(thf)GeMo(CO)s  (147).  This  is  to  be  contrasted  with 
the  use  of  guest  ions  to  guide  or  direct  self-assembly  by  guest-guest  coordina¬ 
tion  (148,  149). 

I  B.  Guest  Variables  in  Interface  Dynamics 

I 

In  the  preceding  discussion,  examples  were  given  of  how  the  host  responds 
I  to  the  guest.  How  can  the  host  be  used  to  alter  molecular  or  atomic  properties, 

I  that  is,  how  can  guest  properties  and  behavior  be  modified  by  the  host?  Several 
I  are  obvious,  or  have  been  mentioned  above: 

I 

Pore  size  constraints  to  control  molecular  diffusion. 

I  Provide  a  large  electrostatic  field  that  promotes  heterolytic  dissociation 
i  chemistry. 

Restrict  possible  transition  state  configurations  for  guest  reaction  chemistry. 

Absorption  site  selectivity  that  differentiates  molecules  on  the  basis  of  their 
acid-base  or  hydrophilic-hydrophobic  properties. 

Molecular  dipole  orientation. 

Provide  passivation  of  cootdinatively  or  electronically  unsaturated  atomic 
guest  surfaces  to  give  metastable  guest  species,  which  exist  on  a  time 
sc^e  without  analogue  in  the  absence  of  the  host. 

Modification  and  definition  of  guest  electronic  states,  for  example,  quantum 
confinement. 

1.  Exterior  Surface-Interior  Surface  Considerations  and  Pore  Size 

Constraints 

I  Even  though  the  exterior-interior  surface  area  ratio  can  be  several  orders  of 
'  magnitude,  zeolite  catalytic  seleaivity  can  be  greatly  improved  by  passivating 
j  the  exterior  surface  to  eliminate  nonselective  reactions  in  zeolite  catalysis.  For 
example,  the  external  acidic  sites  on  the  external  surface  of  an  acid  zeolite  react 
irreversibly  with  P(OMe)3  via  a  modified  Arbusov  rearrangement  to  form  sur¬ 
face-bound  MePO(OMe)2  (150).  This  approach  can  also  be  used  to  microen¬ 
gineer  pore  size  openings. 

The  host  can  be  designed  so  that  the  guest  will  partially  slip  into  the  pores 
I  on  the  exterior  surface  of  a  molecular  sieve  crystalline  particle,  but  not  enter 
the  pores.  This  has  been  used  by  Mallouk  and  co-workers  (151-154)  in  a  variety 
!  of  ways.  One  of  particular  interest  is  the  multicomponent  molecular  electron 
1  transport  chain  composed  of  EDTA  (ethylenediaminetetraacitic  acid),  Zn  tet- 
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takis(A/^-methyl-4-pyridyl)porphyrin  (I),  and  methyl viologen  (II),  spatially  or¬ 
ganized  by  micron  sized  zeolite  L  panicles.  Compound  11  ion  exchanges  into 
zeolite  L  while  the  builder  I  adsorbs  only  onto  the  outer  surface  in  an  approx¬ 
imate  monolayer.  At  pH  4.0,  EDTA  is  strongly  adsorbed  onto  the  I-coated 
!  surface.  When  the  composite  is  prepared  from  internally  platinized  zeolite  L 
particles,  hydrogen  is  evolved  photochemically  from  water.  The  rate  of  hydro¬ 
gen  evolution  depends  on  the  II  loading,  no  H  being  evolved  when  there  is  less 
than  approximately  0.4  II  ions  per  large  cavity  of  the  zeolite  structure.  The 
triplet  excited-state  reactivity  of  I  is  suppressed  by  a  200-mV  positive  shift  of 
its  redox  potentials  caused  by  adsorption  onto  me  zeolite  surface. 

In  related  studies,  covalently  linked  tris(2,2'-bipyridine)Ru(II)-A/,yV'-di- 
aIkyl-2,2'-bipyridinium(RuLj^— 2  DQ^*)  complexes  were  ion  exchanged  onto 
I  the  surface  of  zeolite  Y  and  L  powders  and  studied  by  flash  photolysis-transient 
diffuse  reflectance  spectroscopy  in  aqueous  suspension.  When  the  zeolites  ate 
loaded  with  a  secondary  electron  acceptor  AfJV'-dibenzyi-4,4'-bipyridnium 
(BV*"*"),  a  Ru^"^— transient  is  formed  in  17.5%  quantum  yield  within  1(X) 
ns  and  decays  with  a  lifetime  of  37  ±  S  mus.  Electron  transfer  from  the 
Rul^*^  MLCT  (metal-ligand  charge  transfer)  state  to  2  DQ^'^  occurs  within  S 
ns,  followed  by  electron  transfer  ftom  2  to  BV^*.  These  data  suggest 
that  the  smaller  2  DQ**  end  of  (RuLf*— 2  DQ*"^)  protrudes  into  the  pores  on 
i  the  zeolite  outer  surface,  making  close  contact  to  molecules  iTside  the 
zeolite. 

In  carrying  out  nanochemistry  within  the  zeolite  host,  it  is  useful  to  know 
the  exteiior  surface  composition.  For  transition  metal  exchanged  zeolites,  ex¬ 
terior  surface  composition  can  be  tested  by  simple  redox  reactions.  Platinum 
can  be  exclusively  deposited  on  the  internal  surfaces  of  zeolite  L,  using  Pt(acac)2 
(where  acac  =  acetylacetonate)  while  a  cation-exchange  technique  using 
I  Pt(NH3)4'^  and  subsequent  reduction  by  H2  or  aqueous  BH7  does  not  show  this 
1  selectivity.  Catalytic  conversion  of  Fc(CN)|"  to  Fe(CN)J“  by  H2  only  occurs 
i  with  zeolite  L,  which  is  platinized  using  Pt(NH3)J*  and  has  platinum  on  the 
outside  of  the  zeolite  and  not  with  L  platinized  using  Pt(acac)2  (155). 

!  The  use  of  zeolite  external  surfaces  as  2-D  templates  for  the  self-assembly 
of  polar  or  organic  templates  has  been  recently  demonstrated.  Atomic  force 
microscopy  has  been  used  to  map  the  periodic  pore  openings  on  zeolite  surfaces 
and  the  subsequent  absorption  of  neutral,  organic  molecules  (r-butanol),  via 
their  polar  head  groups  at  channel  entrances.  Such  absorbed  molecules  could 
not  be  rearranged  by  the  AFM  tip  when  used  in  an  imaging  mode.  Ionized 
molecules  (r-butyl  ammonium  ions),  however,  could  be  rearranged  when  a  suf¬ 
ficiently  large  force  was  applied  to  generate  a  pattern  with  a  room  temperature 
lifetime  of  at  least  30  min  (156).  The  molecule-by-molecule  arrangement  on 
and  within  zeolite  surfaces  to  generate  vectorial  electron-transfer  chains  is  clearly 
feasible. 
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2.  The  Host-Guest  Interface  and  Self-Organization 

The  key  to  the  seJf-assembly  of  molecules  or  atoms  within  a  3-D  surface  is 
the  nanoscale  inclusion  chemistry  at  the  host-guest  interface  relative  to  that 
associated  with  guest  self-organization  (bulk)  and  guest  cluster  intiasurface 
forces.  In  the  case  of  mercury  inclusion,  guest  intiasurface  forces  are  relatively 
strong  and  loading  can  only  be  done  at  high  pressures  (1S7).  or  by  breaking  the 
Hg  surface  stnicture  through  alloying  with  a  guest  ion  such  as  Ag*^  (1S8).  The 
self-organization  of  molecular  and  atomic  clusters  within  a  porous  host  is  a 
nucleation  process  with  added  constraints  on  the  cluster  surface  introduced  by 
the  host  geometry  and  chemistry.  A  short  overview  of  the  factors  that  must  be 
considered  follows. 

The  thermodynamics  of  nucleation  for  the  gas-phase  self-assembly  of  a 
spherical  cluster  are  illustrated  in  Fig.  19.  For  any  process  to  proceed  sponta¬ 
neously,  the  free  energy  for  the  change,  AG„.  where  n  refers  to  the  nucleation, 
must  be  <  0.  Since  the  disorder  of  the  system  is  decreased  during  nucleation, 
the  entropy  contribution  to  the  free  energy  change  will  be  unfavorable  (<0) 
and  become  increasingly  so  with  increasing  temperature. 

The  driving  force  for  the  nucleation  is  the  attraction  of  the  atoms  or  mole¬ 
cules  for  each  other.  Ordinarily,  this  attraction  is  three  dimensional,  and  has 
associated  with  it  a  decrease  in  free  energy  per  unit  volume,  -AC7».  For  a 
spherical  cluster  of  radius  r,  the  gain  in  free  energy  is  then  -  Op¬ 

posing  this  is  the  cluster  surface  energy,  which  makes  a  positive  contribution 
to  the  free  energy  of  nucleation.  One  way  to  view  this  effect  is  that  the  atoms 
at  the  surface  interact  more  strongly  with  their  neighbors  than  do  the  atoms  in 
the  bulk.  In  a  sense  the  surface  must  be  weakened  and  rearranged  in  order  to 
continue  the  cluster  growth.  Denoting  the  surface  free  energy  change  per  unit 
area  of  the  cluster  as  AG,  the  net  change  in  free  energy  during  nucleation  is 


Figure  19.  Vahalion  of  free  energy  of  nucleation  with  cluster  size. 
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I 

given  by 

AG*  =  4Tr^  AG,  —  (^)Tr^  AG»  (6) 

This  relationship  with  AG,  =  AGv-is  plotted  in  Fig.  19  (solid  line)  and 
reveals  several  key  points.  The  most  important  one  for  our  purposes  is  the  crit¬ 
ical  role  that  the  surface  plays  in  the  process  of  forming  a  cluster.  Initially,  the 
overall  free  energy  for  the  nucleation  is  positive,  but  with  increasing  radius  of 
the  hypothetical  spherical  cluster,  AG„  passes  through  a  maximum  AG^  when 
the  cluster  has  a  radius  r^.  As  the  radius  increases,  A  G„  decreases  to  zero  and 
first  becomes  negative  for  r  >  tq.  The  significance  of  this  can  best  be  seen  by 
considering  the  fate  of  a  small  cluster  with  radius  r,.  Thermodynamically,  this 
cluster  is  unstable  since  A  G,  >  0.  If  it  were  to  start  to  dissolve,  however,  its 
radius  would  decrease  and  the  free  energy  would  become  even  greater  so  that 
it  is  fdnetically  stable.  We  conclude  that  clusters  with  a  radius  r  >  are  going 
to  continue  to  grow.  Nuclei  with  radii  <  r,  <  rg  are  called  metastable  since 
they  require  an  activation  energy  (AG^  —  AG,)  for  their  dissolution.  Clusters 
with  radii  r  <  aie  unstable  since  there  is  no  barrier  to  their  dissolution. 
Clusters  with  radii  r  >  tq  are  over  the  hill,  that  is,  stable,  since  growth  to  larger 
clusters  is  then  both  kinetically  and  thermodynamically  favored. 

One  way  to  stabilize  clusters  with  a  smaller  radius  is  shown  by  the  dashed 
line  in  Fig.  19.  Here  the  bulk  interactions  are  increased  relative  to  those  at  the 
surface,  AG,  =>  2  AG,,  while  for  the  solid  curve  it  is  assumed  that  AG,  = 
AG,.  Clearly,  if  the  binding  energy  between  atoms  in  the  bulk  is  increased 
relative  (o  the  surface  energy,  smaller  clusters  will  be  more  stable.  Another 
alternative  is  to  “package"  the  clusters.  Chemically,  this  means  that  as  a  cluster 
is  forming  the  atoms  on  the  surface  of  the  cluster  will  be  capped  and  passivated 
with  respect  to  further  growth.  Thermodyamically,  this  can  be  expressed  by  the 
addition  of  another  free  energy  term,  —  AG^,  to  the  nucleation  free  energy  (Eq. 
1)  to  give: 

AG„  =  4Tr^(AG,  -  AG^)  -  (^irr^  AG,  (7) 

This  is  accomplished  in  practice  by  adding  a  passivating  reactant  to  the  nuclea- 
tion  media  (arrested  precipitation)  or  by  growing  the  clusters  within  a  protein 
or  inorganic  cavity,  the  walls  of  which  contain  the  passivating  groups.  Another 
way  to  view  this  is  by  considering  the  surface  as  a  template  for  nucleation.  In 
2-D  this  is  referred  to  as  epitaxial  growth,  while  in  3-D  it  is  sometimes  called 
more  euphemistically  "ship-in-the-bottle”  chemistry. 

3.  Nanocluster  Guests  and  Quantum  Confinement 

The  first  question  that  needs  to  be  addressed  in  packaging  a  nanocluster  guest 
is  obviously  the  desired  size  of  the  cluster.  Because  of  the  many  potential  ap¬ 
plications  in  electrooptics,  semiconductor  clusters  in  which  .the  electrons  are 
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I 

“quantum  confined"  are  highly  desirable.  A  brief  definition  of  quantum  con¬ 
finement  is  therefore  in  order. 

An  important  consequence  of  3-D  packaging  of  atom  arrays  for  which  there 
is  inherently  a  small  energy  separation  between  ground  and  excited  states  is  the 
spatial  localization  of  charge  carriers.  Quantum  confinement  arises  when  a  pho¬ 
ton  with  energy  equal  to  or  greater  than  the  energy  gap  {hv  >  £,)  of  a  semi¬ 
conductor  induces  an  electronic  transition  from  the  valence  to  the  conduction 
band  (1S9).  Spatially,  the  electron  moves  from  an  atomic  site  through  the  lattice 
via  the  conduction  band  orbitals.  The  positive  charge  left  behind  is  appropri¬ 
ately  called  a  hole  and  is  weakly  bound  to  the  electron  over  relatively  large 
distance  (— 100  A).  This  bound  electron-hole  pair  is  called  an  exciton.  It  is 
easier  for  the  electron  to  delocalize  through  the  lattice  if  the  valence  and  con¬ 
duction  bands  are  close  in  energy  since  thermodynamically  there  is  not  as  much 
to  be  gained  for  the  electron  to  recombine  with  another  hole.  For  this  reason 
the  distance  of  the  electron  from  the  hole  is  inversely  proportional  to  the  band 
gap,  £,. 

To  a  first  approximation  the  exciton  can  be  viewed  as  the  analogue  of  a 
simple  Bohr  hydrogen  atom.  The  electron  orbits  around  the  positive  charge  in 
the  lattice  at  distances  on  the  order  of  20-300  A  depending  on  the  band  gap. 
Quantum  confinement  occurs  when  the  individual  clusters  of  the  semiconductor 
are  the  same  size  or  smaller  than  the  exciton  radius.  The  electron  finds  that  it 
is  not  &ee  to  move  as  far  away  from  the  hole  as  it  would  like  and  the  motion 
of  the  weakly  bound  electron-hole  pair  becomes  quantized.  The  size  of  the 
cluster  r^uired  for  quantum  confinement  in  a  small  bandgap  semiconductor 
such  as  inSb  (£,  =  0.23  eV)  is  on  the  order  of  1400  A  since  the  exciton 
electron-hole  separation  is  about  this  large,  while  that  for  a  large  band  gap 
semiconductor,  like  CuCl  (£,  ==  3  5  eV),  is  only  about  8  A.  In  general  unusual 
optical  and  electronic  propenies  will  be  evident  at  or  below  these  respective 
radii  for  these  materials. 


IV.  NANOCOMPOSITE  SYNTHESIS  AND  PROPERTIES  USING 
THREE-DIMENSIONAL  SURFACE  CONFINEMENT 

Nanocomposites  based  on  3-D  host  frameworks  have  been  synthesized  by 
(a)  direct  synthesis,  (b)  ion  exchange  chemistry,  (c)  gas-phase  inclusion  and 
subsequent  nucleation  within  the  host,  (d)  liquid-phase  inclusion  of  the  guest, 
(e)  gas-  or  solution-phase  inclusion  with  one  or  more  precursor  guest  reactants 
and  topotactic  synthesis  of  new  guest  species  within  the  host,  and  (f)  a  com¬ 
bination  of  (b)  and  (e).  This  section  focuses  on  examples  of  the  following  types 
of  materials  obtained  by  these  synthetic  approaches  using  nanoscale  inclusion 
chemistry:  (1)  charge  carrier  cluster  guests,  (2)  oriented  and  packaged  organic 
NLO  active  guests,  and  (3)  nonlinear  optic  framework  active  hosts. 
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A.  Charge  Carrier  Cluster  Guests 
1.  Sodalite  Based  Hosts 

The  sodalite  crystal  structure  is  usually  a  cubic  close  packed  array  of  tnin- 
I  cated  octahedral  cages,  however,  lower  crystallographic  symmetries  including 
j  tetragonal,  hexagonal,  and  orthorhombic  can  be  obtained  by  appropriate  frame¬ 
work  atom  substitutions.  Using  different  atomic  group  compositions  also  mod¬ 
ifies  the  cage  size,  cage  electric  held,  and  dielectric  properties.  Examples  of 
sodalites  are  known  with  element  compositions  from  all  of  the  group  combi- 
I  nations  shown  in  Table  II.  Note  that  the  formal  sodalite  cage  charge  varies  from 
'  0  to  -6. 

The  cages  can  be  considered  as  potential  wells  with  barriers  between  the 
cages  dependent  on  framework  dielectric  properties  (i.e.,  framework  charge  and 
I  atomic  composition).  The  sodalite  cage  can  be  used  to  build  up  a  3-D  lattice 
(Fig.  3)  by  sharing  12  atoms  (Si.Al)^©^  “6  rings”  to  give  a  close  packed  array 
'  of  truncated  octahedra  cages  (sodalite),  by  coupling  with  oxygen  atoms  between 

I  the  8  atom  (Si,Al)404  ”4  tings”  (zeolite  A),  or  coupling  with  oxygen  atoms 
j  between  the  6  rings  (zeolite  Y)  so  that  intercage  separation  is  greatly  increased. 
The  intercage  separation  of  the  close  packed  sodalite  stmeture  also  can  be 
changed  by  varying  framework  composition.  In  the  following  discussion,  we 
review  how  the  cage  electric  held,  the  cage  geometry,  and  the  inteicage  sepa¬ 
ration  inhuence  control  cluster  properties. 

I 

I  a.  ^kaii  Metals.  One  of  the  simplest,  but  most  intriguing  clusters  is  syn¬ 
thesized  by  gas-phase  sorption  of  sodium  atoms  into  the  zeolites  made  up  of 
I  sodalite  cages,  for  ex^ple,  Na— Y,  Na — X,  and  sodalite  (160,  161).  As  the 
i  sodium  is  absorbed,  into  sodalite,  the  color  changes  from  pale  blue,  bright  blue, 
blue,  deep  violet,  and  hnally  black.  The  synthesis  temperature  for  sodium  in- 
I  elusion  is  between  250  and  SOO’C.  The  stability  of  the  fully  loaded  sodalite  is 
remarkable.  Above  500®C.  thermogravimetric  analysis  shows  loss  of  one  so¬ 
dium  atom  per  sodalite  cage,  a  reversible  process.  Once  the  metallic  sodium  is 
in  the  sodalite  cage  no  signiheant  change  in  color  is  observed  with  48-h  soxhlet 
extraction  with  methanol  or  l2-h  extraction  with  water.  Longer  extraction  with 
water  causes  the  sodalite  to  become  progressively  violet,  red,  pink,  and  ulti¬ 
mately  white  with  a  corresponding  increase  in  alkalinity  of  the  water.  This  abil¬ 
ity  to  form  and  store  reactive  species  or  enhance  the  lifetime  of  organic  mole¬ 
cules  by  inorganic  packaging  is  an  important  attribute  for  potential  technological 
I  applications. 

I  Electron  paramagnetic  resonance  (EPR)  studies  of  the  sodium  sodalite  con- 
I  firm  that  the  electron  is  delocalized  over  four  sodium  atoms  in  a  tetrahedral 
NaJ*  cluster  (162-165).  Furthermore,  Fourier  transform  electron  spin  echo  en- 
j  velope  modulation  (e.s.e.e.m)  spectra  show  modulations  due  to  the  24  neigh- 
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boring  sodium  atoms  at  a  distance  of  S.7  A  in  adjacent  cages  (166).  From  the 
separation  of  the  hyperfine  lines  the  percentage  “atomic  character,"  which  is 
a  measure  of  the  occupation  of  the  metal  cation  ns  orbital,  is  estimated  to  be 
41%  for  Na^'^  and  80%  for  in  sodalite.  The  increased  occupancy  for  the 
potassium  cluster  is  attributed  to  the  fact  that  this  cluster  is  more  compressed 
within  the  cage  (162).  The  empty  cages  can  also  be  regarded  as  defect  lattice 
sites,  which  can  serve  as  deep  traps  to  capture  electrons  excited  from  the  val¬ 
ence  band  to  the  conduction  band.  This  ptopetry  has  made  them  useful  in  cath- 
odochromic  and  photochromic  applications  (167-171). 

In  the  larger  pore  X  and  Y  zeolites  the  same  Na^*^  cluster  is  formed,  how¬ 
ever,  the  color  is  red.  Synthetically,  the  cluster  can  be  generated  by  gas-ph<^.e 
inclusion  of  sodium  or  a  more  electropositive  element  (163)  than  sodium  into 
the  ion  exchanged  Na-zeolite  X  or  Y,  radiation  of  the  ion  exchanged  Na-zeolite 
without  addition  of  sodium  vapor  (172),  by  treatment  of  the  ion  exchanged  Na- 
zeolite  with  europium  metal  dissolved  in  liquid  ammonia  (173,  174),  or  by 
ethanol  inclusion  of  sodium  azide  followed  by  controlled  thermal  decomposi¬ 
tion  (175).  Color  centers  introduced  into  the  normally  optically  transparent  hal¬ 
ogen  chlotosodalite,  Na4Cl(AlSi04]3  by  radiation  treatment  are  thought  to  be 
due  to  the  presence  of  cages  with  p-type  defects,  that  is,  {Na4(  ](AlSi04]j}*'. 
Inclusion  synthesis  in  the  larger  pore  zeolite  Y  or  X  gives  in  addition  to  the 
Na^*^  cluster,  a  larger  blue  Nal*^  cluster  in  the  supenrage  at  higher  loadings  as 
evident  by  a  19-peaic  EPR  spectrum.  It  is  suggested  that  these  sodium  atoms 
are  on  the  in  sites  (Fig.  3)  in  the  supercage.  Westphal  and  Geismar  (163)  syn¬ 
thesized  _a  large  variety  of  alkali  metal  clusters  (type  AB^")  synthesized  by  re¬ 
action  of  alkali  metal  A  (Li.  Na,  K,  Rb,  or  Cs)  with  the  cations  B  (alkali, 
alkaline  earth,  and  rare  earth  metals)  of  zeolite  Y. 

The  UV-vis  absorption  spectrum  of  the  Na^*^  sodalite  is  dominated  by  an 
electronic  transition  between  the  internal  Stark  effect  broadened  ground  and  first 
excited  state  of  the  Na^*^  cluster.  No  quantitative  measurements  were  previously 
reported  for  the  optical  properties  of  this  phase,  however.  In  a  recent  experiment 
to  understand  the  sensitivity  of  the  absorpton  spectrum  to  the  charge  distribution 
on  the  cage  framework,  a  high-vacuum  (10“*  torr)  apparatus  for  metal  vapor 
deposition  was  used  to  diffuse  sodium  atoms  into  the  "empty"  Na3[  ](AlSi04)3 
sodalite  cages  and  form  a  series  of  samples  containing  different  concentrations 
of  Nai'*'  clusters  (61).  At  low  sodium  atom  loadings  the  neighboring  cages  con¬ 
tain  Nal*  empty  cages  as  opposed  to  the  (Na4Cl)^*  filled  cages  adjacent  to  the 
p  site  {Na4(  ](AlSi04]3}  +  vacancies  (F  centers)  in  irradiated  Na4Cl(AlSi04]3. 
The  absolute  absorbance  of  samples  containing  approximately  one  Na^'^  cluster 
per  50,  10,  4,  2,  and  0.67  empty  cages  contain  a  prominant  peak  centered  at 
628  nm  (Fig.  20a).  This  value  corresponds  to  the  first  exciution  band  for  one 
Na^"^  cluster  per  50  empty  cages  (Fig.  206). 

An  absorption  maximum  of  =  530  nm  for  the  NaJ*  cluster  of  the  chlo- 
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i  Hguit  20(a).  Diffuse  reflectance  spectra  of  the  Na  doped  Na4AISiO<])  sodalite  in  the  220-850- 
'  nm  region.  The  ordinate  is  given  in  the  absoitiance  units  calculated  as  -log  (///o).  where  /  is 
1  imeasaTcd  intensity  of  the  light  reflected  from  the  sample  and  /g  is  the  intensity  of  the  light  reflected 
fiom  the  BaSO«  reference  powder. 


Figure  20(b).  Experimenul  absorption  spectium  of  the  excess  sodium  in  Nai(AISi04],  sodalite 
in  the  case  of  "infinite”  dilution  (Na4(AISiO.],/Na3(AISiOal3  ratio  »  1 :50).  The  spectrum  is  that 
of  the  “white”  sample  shown  in  Fig.  20a  with  the  ordinate  expanded  by  factor  of  20. 
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I  line  defect  sites  in  Na4Cl(AlSi04]3  is  about  lOO-nm  blue  shifted  from  that  in 
the  empty  cage  sodalite.  A  straightforward  explanation  for  this  observation  fol¬ 
lows  ftom  a  back-of-the-envelope  particle  in  a  box  approximation  (161,  163). 
The  electron  is  delocalized  in  a  neatly  spherical  cage.  At  a  9S%  probability  of 
finding  the  eiearon  in  a  sphere  with  a  diameter  of  6.8  A,  X,...  «  SOO  nm.  If 
the  sphere  is  larger,  X,..  will  substantially  increase,  for  example,  for  a  sphere 

of  7.6  A,  X _ s  628  nm.  Recall  ftom  Table  I  that  the  unit  ceil  edge  for 

Na3[  ](AlSi04}3  is  9. 122  A  with  6,  the  distance  of  the  sodium  from  the  6-ring 
window  being  0.24  A.  For  Na4Cl(AlSi04]3,  a  =  8.879  A  and  5  =  1.11  A 
(176).  This  cage  coordination  effect  accentuates  the  decrease  in  unit  cell  size  in 
going  from  the  empty  to  the  chloride  filled  cage  so  that  the  sodium  atoms  are 
about  1  A  further  into  the  cage  in  the  chloride  sodalite,  giving  a  substantially 
smaller  potential  surface  for  the  electron  in  the  cage  cavity.  It  should  also  be 
noted  that  we  are  dealing  with  an  infinite  surface.  One  cage  does  not  change  its 
geometry  unless  the  surrounding  cages  cooperatively  follow  suit.  Taylor  and 
.  Henderson  (176)  parameterized  this  nicely  in  terms  of  the  unit  cell  dimensions 
and  framework  atom  tetrahedral  tilt  angle.  At  low  concentrations  of  F* centers 
the  location  of  the  sodium  atoms  at  the  vacancy  site  and  the  adjacent  filled  cages 
I  are  therefore  likely  to  be  very  neatly  the  same.  The  result  is  an  interesting  way 
to  tune  optical  spectra! 

I  Several  other  questions  remain.  The  particle  in  a  box  picture  is  an  oversim¬ 
plification  since  the  actual  probability  for  delocalization  in  the  cage  will  depend 
!  on  the  ftamework  atom  (Si/Al/0)  charges.  As  pointed  out  in  Section  m.A.l, 
while  it  is  generally  accepted  that  electric  fields  within  sodalites  are  large  and 
some  experimental  data  exists  to  verify  the  magnitude  of  these  fields  at  cation 
sites,  there  is  currently  little  consensus  on  the  potential  field  of  the  framework 
itself.  How  does  the  cage  electric  field  affect  the  optical  absorption  spearum? 

Time  dependent  calculations  for  an  electron  in  the  presence  of  charged  atom 
pseudopotentials  to  determine  the  potential  well  and  intercluster  coupling  for 
j  Naj*  clusters  in  Na3+,/|  _,Ie"],(AISi04)3  can  be  carried  out  rigorously  for 

I  this  1  e~  problem  (177).  The  electron  dynamics  is  treated  explicitly  and  the 
light  coupled  to  the  system  through  the  electron  dipole  operator.  This  formu¬ 
lation  provides  the  spectrum  for  the  excited  states  in  one  calculation.  The  hy¬ 
pothetical  4-atom  Na^*^  cluster  in  free  space  would  show  a  single  absorption 
line  at  approximately  3.2  eV.  This  line  is  split  into  a  multiplet  by  the  sodalite 
cage  electric  field  and  by  higher  energy  transitions  to  the  framework  states. 

As  noted  in  the  discussion  above,  semiempirical  calculations  (113,  178-180) 
have  been  carried  out  to  determine  the  cage  and  framework  potential  of  alu¬ 
minosilicates,  with  widely  varying  results  for  the  implied  femework  atom 
charges.  The  optical  properties  are  clearly  a  sensitive  function  of  charge  as 
shown  in  Fig.  21  for  theoretical  results  obtained  using  recently  published  cage 
electric  field  parameters  (100,  181,  182)  with  a  fixed  polarization  direction  and 
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I  Figure  21.  High-resolouonabwtpiion  spectra  of  sodaiite  with  ihe  indicated  charges  for  the  fnme- 
'  woric  ions. ; 

zeolite  orientation.  The  results  can  be  put  in  the  framework  of  the  probability, 
P,  of  finding  the  electron  within  the  cage  volume.  For  charges  Si  »  +2.2  and 
A1  s  +1.3,  P  is  only  O.OS.  Upper  atomic  charge  limits  ^m  these  calculations 
for  the  sodalite  cage  are  Si  <  +2  and  A1  <  +1.  If  the  framework  charges 
were  higher,  the  cage  electron  would  be  delocalized  over  the  framework.  Note 
that  the  degree  of  splitting  of  the  energy  bands  is  determined  by  the  strength  of 
the  electric  held.  The  barycenter  of  the  absorption  spectrum  is  determined  by 
the  extent  of  delocalization,  which  as  discussed  previously  is  set  by  the  size  of 
the  cage.  The  theoretical  modeling  clearly  predicts  a  very  strong  dependence 
of  absorption  band  structure  on  the  framework  electric  field  and  small  displace¬ 
ments  of  the  sodium  ions. 

In  the  introduction,  the  ability  to  identify  and  control  intercage  coupling  was 
stated  to  be  essential  in  3-D  packaging.  Can  we  learn  anything  about  the  po¬ 
tential  barriers  for  intercage  electron  interactions  for  an  aluminosilicate  frame¬ 
work?  The  spectrum  corresponding  to  the  lowest  concentration  ratio  (1:50)  is 
shown  on  an  expanded  scale  in  Fig.  20d.  This  defines  the  absorption  spectrum 
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of  an  isolated  Na^*  color  center.  This  localized  color  center  absorption  can  be 
normalized  and  substracted  from  each  of  the  higher  loading  curves  in  Fig.  20a 
and  leads  to  the  following  observations. 

‘  An  additional  band  appears  with  shon  wavelength  onset  in  the  UV  region  of 
I  the  spectrum  (-38,000  cm~')  as  soon  as  the  increasing  concentration  of  so- 
I  dium  atom  leads  to  the  formation  of  Na^*^  ciusteis  in  adjacent  cages.  This  leaves 
I  the  blue  pottion  of  the  visible  spectrum  mostly  unaffected.  This  absorption  oc- 

1  cun  at  a  cluster  concentration  that  corresponds  to  the  formation  of  at  least  one 

pair  of  neighboring  cages  with  Na^'*'  clusten.  Another  geometric  view  of  this 
is  as  a  3-D  network  of  quasi- 1-D  chains  formed  by  adjacent  cages  containing 
Na^***  clusten.  Calculations  of  these  potentials  through  different  cross  sections 
of  the  cage  walls  show  unambiguously  that  as  expected  the  lowest  energy  path 
I  for  electron  transfer  is  through  the  6  rings  of  the  cages. 

I  The  absorption  band  expands  into  the  IR  region  with  a  strong  continuous 
absorption  throughout  the  entire  2(X)-850-nm  region  as  more  of  the  14  nearest 
neigbor  (eight  via  6  rings  and  four  via  4  rings)  cages  are  filled  around  a  given 
Nai*^  cluster  cage,  leading  at  the  end  to  a  black  metallic  material.  Although  no 
conductivity  measurements  were  performed  on  the  alkali  metal  doped  sodalites, 

I  the  sodalite  EPR  spectrum  consisting  of  the  13  peak  hyperfine  structure  char- 
I  acterisdc  of  the  isolated  Na^*^  clusters  collapses  with  the  increase  of  the  excess 
I  Na  to  a  single  line  characteristic  of  a  metallic  sample  (161).  This  result,  together 
I  with  the  observed  spectral  changes  described  above,  suggest  a  sharp  Mott  in- 
I  sulator  to  metal  transition  (183).  It  is  clear  that  intercage  cluster  interactions  are 
i  responsible  for  the  IR  absorption  with  increasing  sodium  atom  loading  and  re- 
I  fleet  the  supracluster  band  structure. 

!  b.  I-Vn  Clusters.  Silver  halide  sodalites  can  be  synthesized  by  silver  ion 
I  exchange  of  sodium  halo-sodalites  using  a  AgN03/NaN03  melt  (184).  The 
'  silver  exchange  can  be  stoichiomettically  controlled  so  that,  for  example,  there 

'  is  a  statistical  distribution  of  one  silver  atom  for  every  eight  cages  up  to  one 
silver  bromide  for  every  cage,  Ag4Bt(AlSi04)3.  Alternatively,  one  can  use  the 
chemistry  given  in  Eq.  2  so  that  after  dehydroxylation  the  cages  contain  a  spec¬ 
ified  mixture  of  Na4Br  and  Na3  units  in  the  cages.  Stoichiometric  silver  atom 
exchange  then  gives  the  corresponding  ratio  of  Ag4Br  and  Ag3  clusters.  This 
makes  it  possible  to  control  the  distance  between  Ag4Br  units,  to  adjust  the 
extent  of  electronic  and  vibratiotud  coupling  between  clusters  and  to  monitor 
the  change  in  going  from  an  isolated  Na«Br  to  Ag4Br  unit  (I8S).  The  loading 
I  process  can  be  directly  monitored  by  changes  in  the  unit  cell  dimensions,  far- 
IR,  and  UV-vis  absorption  spectra. 

Structural  refinement  of  the  Na3AgBr  sodalite  with  adjacent  cages  filled  with 
Na4Br  shows  an  interesting  effect.  The  Ag— Br  interatomic  distance  is  greatly 
shortened  [2.32(4)  A]  from  that  of  the  fully  loaded  AgiBr  structure  [2.671(2) 
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A].  Due  to  more  extensive  covalent  bonding  of  AgBr  compared  to  NaBr  the 
Na3AgBr  aggregate  behaves  like  a  slightly  peiturbed  AgBr  molecule  with  neaiby 
I  Na*^  ions.  In  the  fiiliy  exchanged  Ag4Br  sodalites,  the  Ag— X  (X  =  Cl,  Br,  or 
I)  distances  are  about  8%  shorter  than  in  the  rock  salt  bulk  materials.  The  in- 
I  tercage  Ag— Ag  distances  are  25-12%  longer  (Cl~  to  I~)  than  in  the  bulk 
I  structure.  Vibrational  coupling  between  clusters  is  observed  with  correlation 
couplets  for  both  metal  and  halide  atoms  with  intensities  that  vary  as  required 
I  during  substitution.  Intercage  coupling  can  be  followed  in  the  UV-vis  spectra 
(Fig.  22)  as  adjacent  cages  are  sutistically  filled.  The  absorption  lines  go  from 
I  a  very  sharp  single  line  for  the  isolated  Ag— Br  molecular  fragment  at  low 

i  loadings  (similar  to  the  gas-phase  values  of  230  and  320  nm  for  the  AgBr 

monomer)  to  the  component  bands  for  the  Ag4Br’'^  isolated  cluster  to  the  broader 


Figure  22.  UV-vi$  spectra  showing  the  progress  from  the  isolated  AgBr  molecule  to  the  isolated 
Ag,Br  cluster  and  to  be  the  extended  (Ag,Br),  supralaitice. 
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bands  for  the  fully  loaded  and  intercage  coupled  system  that  makes  up  the  ex¬ 
panded  supialattice.  This  is  an  unusual  example  of  being  able  to  observe  the 
change  in  optical  absorption  properties  for  structurally  characterized  species  at 
specified  3-0  lattice  separations.  The  results  also  show  the  origins  of  the  Br  - 
(4p),  Ag'^  (4d)  mini-valence  band  and  Ag'^fSs)  mini-conduction  band  as  AgBr 
units  are  added  to  the  structure.  Optical  absorption  data  confirms  the  increased 
tutuieiing  efficiency  and  intercage  coupling  as  the  distances  between  centers  of 
the  cages  decreases  in  the  I~  to  Cl~  sequence.  Another  interesting  feature  is 
evidence  of  a  percolation  threshold  as  seen  in  an  abrupt  change  in  the  unit  cell 
parameters  and  FT  far-IR  cation  translatory  modes  as  a  function  of  loading. 

The  structure  of  both  the  frameworks  and  the  clusters  within  the  cages  of 
sodalite  structural  analogues  can  be  precisely  determined.  In  this  connection,  it 
is  of  interest  to  note  that  a  comparison  of  the  optical  spectrum  of  Ag4Br  in 
Ag4[Br](AlSi04)3  and  Ag4[Br](BeP04)3  (65)  reveals  a  distinct  red  shift  (-70 
tun)  in  the  optical  spectrum  in  the  latter.  This  is  consistent  with  the  cages  being 
closer  together  {cage  center-cage  center  7.328(1)  A  Ag4{Br](AlSi04)3  vs. 
7.17(1)  A  Ag4[Br](BeP04)3}:  and,  as  noted  above,  with  the  silver  atoms  in 
the  smaller  BePO  cages  being  closer  to  the  center  of  the  6  rings  and  therefore 
to  the  expanded  lattice  configuration.  These  considerations,  however,  may  be 
secondary  to  changes  in  the  hiamewoik  electric  field  that  are  obtained  by  sub¬ 
stituting  Be  for  A1  and  P  for  Si.  This  is  an  example  of  the  composition  substi¬ 
tution  shown  in  Table  n,  giving  larger  local  gradients  in  the  cage  electric  field. 

c.  n-VI  and  m-V  Clusters.  The  net  cage  charge  of  an  aluminosilicate 
sodalite- cage  (AlSi04)3  is  -3  so  that  once  that  charge  is  satisfied  by  three 
monovalent  cations,  in  principle  any  neutral  atom  or  species  might  be  included 
within  the  cage  with  siting  at  the  vacant  6-ring  window  and  the  center  of  the 
cage.  The  primary  limitation  is  the  pore  size,  the  6-ting  window  in  the  sodalite 
cage  having  a  free  diameter  of  about  2.2  A.  This  does,  however,  permit  the 
direct  inclusion  of  many  gaseous  atoms  and  it  is  possible  to  synthesize  alumi¬ 
nosilicate  sodalite  cages  containing  Na^'^ZnS  (186,  187)  by  vapor-phase  de¬ 
position.  This  is  an  interesting  situation  where  one  has  a  supramolecular  lattice 
containing  ZnS  atoms  and  the  direct  analogue  of  the  Na3AgBr  cluster  described 
in  Section  IVA.l.b. 

IiKteasing  the  cage  charge  to  -6  using  cage  compositions  such  as  (BeSi04)3, 
(BeGe04)3.  or  (B204)3  should  facilitate  incorporating  atoms  in  higher  oxidation 
states.  Unfortunately,  there  is  no  obvious  way  to  synthesize  empty  cages  such 
as  Zn3  [  ](B204)3.  Direct  synthesis,  however,  does  give  the  compositions  shown 
I  in  Table  V  (188).  The  UI-V  mixed  clusters,  Zn3GaP  and  Zn3GaAs  are  novel 
I  new  members  of  the  sodalite  structure  family.  The  6()-atom  cage  in  these  struc¬ 
tures  has  the  same  acentric  point  group  symmetry  43m.  the  same  as  that  of  bulk 
ZnS  or  GaP.  The  tetrahedral  Zn4S  fragment  is  the  first  coordination  sphere  of 
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the  sulfur  atom  in  the  bulk  ZnS  structure,  so  that  the  result  for  the  extended 
structure  is  a  supralattice  of  ZaiS  (Fig.  23)  clusters. 

Cage  control  of  the  first  coordination  sphere  geometry  is  evident.  The  cage- 
to-cage  distance  is  also  the  cage  diameter.  The  Zn— S  distance  in  Zn4S(B204)3 
is  0.08  A  less  than  that  in  the  bulk,  but  when  the  cage  size  is  increased  from 
I  6.61  to  7.03  A  or  larger,  the  Zn— S  increases  with  cage  size  to  2.34S  A ,  which 

I  also  happens  to  be  the  bulk  Zn— S  disunce.  The  (8204)3  cage  constrains  all  of 

the  cluster  first  coordination  distances  when  compared  with  those  of  the  bulk. 
The  relative  bond  energies  for  Ga— 0(framework)/Ga— P(As)  versus  those  for 
Zn— 0(framework)/Zn— S(Se)  may  be  responsible  for  the  greater  shorter  dis¬ 
tances  in  gallium  derivatives.  In  any  case,  both  cluster  and  intetcluster  geometry 
,  can  be  varied  precisely  by  the  open  framework  surface  of  the  sodalite  structure 
^  analogues. 

I  Framework  substitution  chemistry  also  changes  the  intercage  distance  and 
the  expanded  lattice  nature  of  the  cage  by  virtue  of  the  siting  of  the  zinc  atoms. 
For  example,  with  a  large  anion,  Se  or  Te,  at  the  center  of  the  sodalite  cage, 
the  Zn  atoms  are  forced  more  towards  the  ultimate  limit  of  being  positnmed  at 
the  center  of  the  6-ting  openings.  At  that  point  the  system  becomes  an  expanded 
semiconductor  lattice  with  all  Zn  atoms  equally  spaced  from  all  X  atoms  at  the 
centers  of  the  cages.  In  the  structure  of  a  1 .05  displacement  of  the 

Zn  atoms  is  requited  to  remove  the  Zn4S  cluster  identity. 

Although  the  sodalite  cages  ate  reladvely  small  and  limit  the  size  of  the 
clusters  that  can  be  examined,  they  provide  an  opportunity  to  investigate  and 
precisely  model  3-D  packaging.  One  can  grow  single  crystals  as  large  as  a 
centimeter  of  several  of  these  compositions.  The  large  structure  field  has  lanice 
parameters  varying  by  as  much  as  20%  and  formal  cage  charges  from  0  to  -6. 
The  6-ring  pores  are  sufficiently  large  so  that  gas-  and  ion-phase  inclusion 
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Figure  23.  Expanded  supralattice  of  five*aiom  clusters  in  sodalite  analogue  stnictuccs. 
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i  diemistiy  can  be  used  to  modify  the  framework  and  synthesize  clustets.  As 
I  noted  above,  these  are  noncentrosymmetric  crystal  structures  with  second-order 
NLO  properties.  The  high  optical  density  has  been  demonstrated  to  give  excep- 
{  tional  sensitivity  and  resolution  in  cathodochromic  device  applications  (167). 

'  In  the  most  common  space  group  (P43/i)  for  this  structural  held  there  is  only 
one  susceptibility  tensor  element,  Xdisit  which  can  be  determined  directly  from 
powder  data  and  used  to  evaluate  structure-property  relationships.  Further  op¬ 
tical  characterization  of  these  materials  should  provide  some  interesting  insights 
into  intercluster  coupling  and  electrooptic  properties  of  II-VI,  Ill-V,  and 
ni-V/VI  supracluster  nanophases. 

2.  Larger  Cage  Packaging 

a.  n-VI  and  ni-V  Clusters.  The  sodalite  cages  can  be  interconnected  in 
I  several  ways  to  give  different  cage  structures,  for  example,  zeolite  X  has  two 
types  of  cages  available  for  cluster  fonnation,  the  smaller  7- A  sodalite  units 
and  the  larger  13- A  alpha  cages  (Fig.  3).  There  are  five  sites  (I,  I’,  II,  II’, 
m),  which  are  available  for  cation  siting  within  the  sodalite  and  supereages. 
The  n-VI  and  I- VII  quantum  confined  clusters  can  be  synthesized  by  ion-ex¬ 
change  methods,  followed  in  the  II-VI  case  by  treatment  with  H^S  or  H^Se.  It 
i  is  important  to  note  that  the  ion-exchange  process  can  yield  very  different  siting 
I  of  cations  depending  on  temperature,  pH,  solvent  versus  melt  ion  inclusion, 
other  extra-fiamework  ions,  calcination,  and  loading  levels.  This  process  must 
be  systeiaatically  controlled  along  with  the  conditions  for  treatment  with  H2S 
or  HjSe  in  order  to  obtain  materials  that  can  be  consistently  reproduced  and 
that  contain  monosize  clusters  (4.  124,  189-192). 

At  a  low  loading  level  of  CdS  in  zeolite  Y  isolated  CdS  molecular  units  are 
formed  with  an  absorption  peak  around  290  nm  and  no  emission  even  at  4.2  K. 
At  higher  loadings.  X-ray  powder  diffraction.  EXAFS,  and  optical  absorption 
I  dau  show  that  8-atom  (CdS)4  clustets  can  be  uniquely  located  within  the  so- 
I  dalite  cages  (66-70).  The  discrete  (CdS)4  cubes  within  the  small  sodalite  units 
of  the  CdS  zeolite  Y  structure  begin  to  interconnect  as  the  loading  density  within 
the  zeolite  rises.  The  Cd  atoms  point  toward  each  other  through  the  double  6 
rings  linking  the  sodalite  units  with  a  Cd— Cd  distance  of  6.2  A.  As  this  3-D 
interconnection  proceeds,  the  corresponding  changes  in  optical  properties  in¬ 
dicate  a  progression  toward  a  semiconductor  supercluster  with  behavior  inter¬ 
mediate  between  that  of  the  discrete  CdS  cubes  and  bulk  semiconductor.  If  the 
clusters  are  loaded  into  the  sodalite  cages  of  zeolite  A  (Fig.  3).  clusters  are 
oriented  with  their  faces  parallel  across  double  4  rings  at  a  separation  of  about 
7.3  A.  The  absorption  edge  is  corresponding  blue  shifted.  The  transition  from 
clusters  to  aggregates  upon  increasing  CdS  loading  is  not  continuous  but  rather 
I  abrupt,  as  judged  from  optical  absorption  and  emission  spectra.  This  suggests 
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that  the  aggregation  of  the  individual  clusters  inside  the  zeolite  may  be  a  per- 
coiative  process. 

When  fully  loaded,  the  quantum  superlattice  shows  an  exciton  shoulder  near 
340  nm  and  emits  at  low  temperature.  Neither  heating  nor  increasing  CdS  con- 
I  centiations  can  further  shift  this  exciton  shoulder  to  the  red.  In  contrast  to  this, 
j  when  CdS  is  on  the  exterior  surface  of  the  zeolite  crystallite  a  continuous  red 
shift  of  the  absorption  threshold  towards  the  bulk  value  is  observed,  paralleling 
I  the  behavior  of  CdS  colloids. 

I  Another  method  used  to  control  the  individual  cluster  topology  is  through 
i  diffusion  of  organometallic  precursors  that  are  sterically  restricted  to  large  chan- 
I  nels  or  cages,  and  then  coreacting  these  thermally  or  photochemically  (149)  to 
accomplish  cluster  synthesis.  For  example,  in  zeolite  Y  the  organometallic  pre¬ 
cursor  molecules  are  too  large  to  enter  the  small  sodalite  cages  and  cluster  for¬ 
mation  can  selectively  take  place  in  the  supercages.  Either  of  these  methods 
I  requires  that  one  carefully  consider  the  role  of  the  host  cage  or  channel  wails 
and  how  they  will  ultimately  define  the  quantum  confined  structure. 

I  The  importance  of  this  in  zeolite  cluster  information  is  evident  in  stiidies  of 
!  adsorption  isotherms  of  dimethyl  zinc  and  dimethyl  mercury  in  zeolite  Y  with 
Si/Al  ratios  of  3.2  (NaY)  and  700  (dealuminated  ^  going  ^m  vacuum  (10*’ 
ton)  at  -45*C  to  the  vapor  pressure  of  the  organometallic  at  20*C  (193).  The 
greater  reactivity  of  dimethyl  zinc  with  the  molecular  sieve  framework  is  shown 
in  the  nearly  complete  irreversibility  of  its  adsorption  into  NaY.  Dimethyl  mer¬ 
cury  in  NaY  shows  a  two  step  adsorption  curve  indicating  that  above  about  six 
molecules  per  supercage,  which  may  correspond  to  a  monolayer  of  surface  cov¬ 
erage.  there  is  fully  reversible  adsorption.  In  dealuminated  Y,  which  has  essen¬ 
tially  zero  framework  charge,  both  dimethyl  zinc  and  dimethyl  mercury  adsorb 
reversibly.  Opportunities  clearly  exist  to  use  the  electric  field,  charge  carrier  or 
insulator,  and  chemical  bonding  propenies  of  the  molecular  sieve  internal  sur- 
I  face  to  control  both  the  self-assembly  chemistry  and  the  ultimate  quantum  con- 
I  finement  geometry. 

Attempts  to  use  ion  exchange  as  a  route  to  the  formation  of  III-V  semicon¬ 
ductors  in  zeolite  frameworks  resulted  in  the  loss  of  crystallinity  of  the  material 
due  to  the  very  low  pH  required  to  keep  Group  III  cations  in  solution  as  hy¬ 
drated  cations.  Alternate  methods  of  anhydrous  nitrate  and  halide  melts  also 
failed  to  give  the  desired  inclusion  products,  as  did  methylene  chloride  solutions 
of  Group  ni  halides  as  precursors.  MOCVD  was  successfully  used  in  synthesiz- 
I  ing  GaP  inside  the  pore  structure  of  zeolite  Y  (191,  192.  194).  The  course  of 
the  reaction  of  trimethyl  gallium  and  phosphine  has  been  carefully  monitored 
by  ’’P  MASNMR  (magic  angle  spinning  nuclear  magnetic  resonance)  and  op¬ 
tical  spectroscopy  as  a  function  of  reaction  temperanire  and  loading  for  both 
NaY  and  the  acid  zeolite  HY.  For  example  near  the  optimum  reaction  temper¬ 
ature  in  NaY  a  25  °C  change  in  PH3  reaction  temperature  dramatically  changes 
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both  the  optical  propeities  and  the  stnictural  character  of  the  end  material.  In 
HY,  tiimethyl  gallium  molecules  are  first  anchored  at  room  temperature  by  the 
elimination  of  methane  to  give  [(CH3)2Gal— OZ,  where  OZ  refers  to  the  zeolite 
framework  oxygen  atoms. 

The  compound  GaP  has  both  a  direct  and  indirect  band  gap  with  £g  =  466 
nm  direct,  546  indirect.  The  absorption  spectrum  shows  pronounced  peaks  at 
350  nm  or  less,  which  are  blue  shifted  relative  to  bulk  GaP.  The  samples, 
however,  also  absorb  to  the  red  of  bulk  GaP,  which  may  be  due  to  the  trans¬ 
formation  of  an  indirect  to  a  direct  band  gap  in  the  quantum  confined  material. 
These  observations  and  upheld  shifts  in  the  solid  state  NMR  ate  both  indicative 
of  size  quantization  effects.  The  supercage  point  group  symmetry  of  the  large 
cage  of  zeolite  Y  is  43/r,  the  same  as  bulk  GaP,  which  is  expected  to  help  in 
obtaining  periodic  and  local  ordering.  Extended  X-ray  absorption  fine  structure 
(EXAFS)  spectroscopy  and  synchrotron  X-ray  diffraction  studies  identified  26- 
28  atom  (GaP)t3.i4  clusters  in  the  supercages,  which  were  about  1 1  A  in  di¬ 
ameter,  corresponding  to  three  coordination  spheres  around  a  central  Ga  or  P 
atom  in  the  bulk  structure. 

b.  n-VII  Included  Clusters.  One  intent  of  this  section  was  to  give  ex¬ 
amples  of  the  different  approaches  that  can  be  used  in  the  self-assembly  of 
arrays  of  atoms  in  3-D  inclusion  chemistry.  Solution  and  liquid  melt  ion  ex¬ 
change,  atomic  gas-phase  inclusion,  direct  synthesis,  ion  exchange  followed  by 
gas-phase  inclusion  reaction  chemistry,  and  organometallic  inclusion  synthesis 
have  been  considered.  In  this  and  the  following  sections  we  consider  two  ad¬ 
ditional-approaches,  molecular  gas-phase  inclusion  and  oxidative  photochem¬ 
istry. 

There  is  a  long  history  of  salt  inclusion  chemistry  in  zeolites  (38.  195).  The 
mechanism  for  the  inclusion  is  an  interesting  story  and  the  reader  is  referred  to 
one  of  the  excellent  reviews  by  Barter  (39)  on  this  subject.  An  example  is  the 
inclusion  of  NH4CI,  which  almost  completely  dissociates  into  NH3  and  HCl. 
The  isotherm  that  is  observed  upon  absorption  shows  a  steep  rise  after  a  minimal 
concentration  is  reached.  This  is  indicative  of  a  strong  interaction  within  the 
zeolite  between  molecules  of  NH3  and  HQ,  but  only  after  critical  concentra¬ 
tions  of  simultaneously  sorbed  NH3  and  HQ  have  been  reached.  This  has  been 
quantitatively  treated  using  a  Langmuir  site  model  (196,  197).  Molybdenum 
pentachloride  has  been  loaded  into  an  acid  zeolite,  H  mordenite,  then  decom¬ 
posed  to  the  Mo  mordenite  without  any  loss  of  crystallinity  or  adsorption  ca¬ 
pacity  (198).  There  is  no  reason  that  this  approach  cannot  be  extended  to  vol¬ 
atile  semiconductor  precursor  cluster  sources. 

As  background,  a  layered  petovskite  compound.  (C„H;„4.,NH3)Pbl4  with 
n  =  4,  6.  8,  9,  10.  and  12  or  a  mixed  alkylammonium  atudogue 
(RNH3)2(MeNH3)4-,Pb,X3,*,  (R  =  nonyl,  decyl,  X  =  I.  n  =  1.  2;  R  = 
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nonyl,  decyl,  X  —  n  =  I,  2,  3;  R  =  phencthyl,  X  =  I,  n  =  1.  2)  can 
readily  be  formed  by  mixing  Pbl^  with  the  alkylammonium  salts  (199,  2(X)). 
These  are  unusual  1-D  quantum  confined  photonic  materials  in  that  they  have 
sharp  excitonic  optical  transitions,  with  large  oscillator  strengths,  and  large  third- 
order  optical  nonlinearities;  photobleaching  efficiencies  of  these  excitonic  tran¬ 
sitions  in  thin  films  of  the  decylammonium-lead-iodide  compounds  ate  about 
I  10”^  cm^  W~'  at  510  nm  (200).  In  spite  of  different  spacings,  the  optical  spec- 
I  tra  are  almost  the  same  for  these  compounds,  which  means  that  the  interaction 
between  the  layers  is  weak  due  to  the  small  dielectric  constant  of  the  alkylam- 
•  monium  “barrier  layer,”  which  strengthens  the  Coulombic  interaction  between 
I  an  electron  and  a  hole  within  the  Pbl^~  semiconductor  layer, 
i  Extension  to  two  (wires)  and  3-D  (dots)  confinement  of  Pbl2  by  gas-phase 
inclusion  in  a  number  of  zeolite  cages  including  zeolites  A.  Y,  L,  and  morder- 
nite  demonstrates  again  the  manner  in  which  cage  and  channel  packaging  can 
be  used  to  control  optical  properties  (201-205).  As  in  the  cadmium  sulfide  stud¬ 
ies  in  zeolite  Y,  a  red  shift  in  the  absorption  edge  is  observed  with  increased 
loading  with  the  ultimate  band  edge  associated  with  the  cluster  loaded  molecular 
,  sieve  stopping  short  of  that  of  bulk  lead  iodide  (2.57  eV) .  The  changes  in  optical 

-  I  absorption  with  loading  are  dramatic,  going  in  zeolite  A  from  a  single  band  at  1 
5.4  eV  (B|)  to  the  successive  growth  of  absorption  peaks  at  4.7  eV  (Bj),  4.2 
j  eV  (B4>  ),  3.5  eV  (BJ,  and  3.2  eV  (Bj).  These  are  assigned  to  the  formation  of 
I  clusters  containing  2, 4,  and  5  Pbl2  molecular  units,  respectively.  The  relatively 
intensity  of  B4<  to  B4  does  not  change  and  is  assigned  as  a  higher  excitonic  sute 
of  the  four  molecule  clusters.  If  a  given  zeolite  cage  is  cohlled  with  another 
cation,  the  band  edge  ted  shifts  as  mote  available  space  is  given  to  the  Pblj 
'■  clusters  as  evident  in  the  peak  energies  for  K  (3.20  eV),  Na  (3. 15  eV),  and  Mg 
(3.07  eV)  exchanged  zeolite  Y.  The  lower  energy  absorption  tails  are  extended 
I  in  the  case  of  the  channel  zeolites,  mordenite,  and  zeolite  L,  perhaps  the  result 
I  of  2-D  confinement  of  the  wirelike  structure. 

I  Structurally,  the  ordering  of  the  clusters  in  zeolite  A  can  be  observed  by  the 
I  presence  of  a  superlattice  in  the  diffraction  pattern.  The  periodicity  and  presence 
:  of  Pbl2  moities  can  be  directly  observed  by  high-resolution  electron  microscopy 
I  imaging. 

c.  Tungsten,  Molybdenum,  and  Chromium  Oxide  Clusters.  It  is  essen- 
I  tial  in  molecular  sieve  inclusion  chemistry  that  thermodynamic  equilibrium  is 
esublished  for  the  distribution  of  the  guest  within  the  cages  or  channels  without 
diffiision  limitation  due  to  the  pores  at  some  pan  of  the  system  becoming  blocked 
so  that  a  homogeneous  guest  distribution  is  not  attained.  In  the  case  of  MOCVD 
type  of  approach,  where  gaseous  byproducts  migh  react  with  the  cluster  atoms, 
this  can  be  a  serious  limitation.  By  uniform  loading  of  a  gaseous  precursor  and 
I  then  using  a  photon  source  to  dissociate  one  or  more  of  the  precursors,  depo- 
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sition  and  epitactic  growth  of  quantum  confinement  within  a  zeolite  can  be 
accomplished  at  lower  temperatures  and  mote  cleanly  (142,  148,  206,  207). 
Bulk  tungsten  oxide  has  a  band  gap  of  2.7  e  V.  slightly  higher  than  that  of  Pblj. 
The  redox  and  solid  state  chemistry  of.  this  semiconductor  has  an  incredible 
diversity  leading,  for  example,  to  the  semiconductor  and  semimetallic  tungsten 
bronze  phases  (208). 

The  simple  binary  carbonyls  of  Group  6  (VIB)  metals  are  volatile,  have  small 
dimensions  relative  to  the  large  zeolite  pore  structures,  are  easily  purified,  and 
can  be  quantitatively  photoconverted  to  the  respeaive  metal  oxide  materials  and 
gaseous  CO2  with  minimal  carbon  contamination.  The  intrazeolite  photooxida¬ 
tion  chemistry  of  alpha-cage  encapsulated  hexacarbonyltungsten(O)  in  Na56Y 
and  HjsY,  n{W(CO)4}— Na5ftY(H36Y),  with  O2  provides  a  novel  synthetic 
pathway  to  a  zeolite  alpha-cage  located  W(VD  oxide,  ^(WOs)— Nas^YlHs^Y), 
(n  =  0-32).  This  formulation  represents  the  unit  cell  contents,  which  has  eight 
supetcages,  so  that  at  full  loading  there  are  4  WO3  units  per  supercage. 

At  loadings  of  less  than  one  WO3  per  supercage  the  absorption  edge  is  blue 
shifted  from  the  bulk  WO3  band  gap  edge  to  3.5  eV.  When  the  concentration 
is  mote  than  one  WO3  per  supercage,  there  is  an  abrapt  shift  of  the  absorption 
edge  to  a  limiting  value  of  3.3  eV,  which  is  maintained  to  the  highest  loading 
composition  of  roughly  four  WO3  per  supercage.  The  FTTR,  MASNMR,  XPS 
(X-ray  photoelectron  spectroscopy),  and  EXAFS  dau  suggest  first  the  forma¬ 
tion  of  (yfOjh  dimers,  then  (W03)4  tetramers  as  the  loading  is  increased. 

The  siting  and  carbonyl  displacement  chemistry  have  been  extensively  stud¬ 
ied.  Intrazeolite  reactions  of  the  tungsten  tricarbonyl  intermediate  with  large 
and  small  arenes,  trienes,  and  phosphines  cleanly  yields  the  respective  intra¬ 
zeolite  six-coordinate  complexes,  and  are  used  to  locate  the  tricarbonylmng- 
sten(O)  fragment  on  the  internal  surface  of  the  zeolite.  The  known  electro- 
chromic,  solid  state  ion  insertion,  and  electronic-ionic  transport  of  bulk  WO3 
make  this  a  particulariy  interesting  cluster  system  to  study. 

3.  Large  Channel  Host  Confinement 

There  is  presently  a  dearth  of  crystalline  porous  materials  with  cage  and 
channel  dimensions  between  14  and  100  A,  however,  as  indicated  previously 
in  this  chapter,  this  situation  is  rapidly  changing.  The  tubular  channels  of  chry- 
sotile  asbestos  ate  15-70  A  in  diameter.  In  nature  these  ate  available  as  single 
crystals  with  dimensions  of  0. 1-0.2  mm  in  diameter  and  10-15  mm  in  length. 
The  channel  sizes  can  be  determined  by  measuring  the  conductivity  through  a 
single  crystal  during  pressure  loading  of  the  charmels  by  a  nonwettable  liquid, 
mercury  or  gallium  (209).  The  scatter  in  the  diameters  of  the  metallic  filaments 
obtained  in  this  fashion  is  less  than  4%  (210).  Metals  loaded  into  these  channels 
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are  characterized  by  a  decrease  in  melting  point  of  the  metal  and  a  limitation 
I  of  the  mean  free  path  of  electrons  by  the  walls  of  the  channels.  The  transition 
to  the  superconducting  state  of  mercury  becomes  diffuse  with  decreasing  di- 
j  ameter  of  the  filaments,  with  the  diffLseness  reaching  100%  of  Tc  for  filaments 
,  that  are  S-atomic  diameters  in  width  (209).  The  critical  magnetic  fields  increase 
with  decreasing  diameter  of  the  filaments,  and  reach  a  value  that  is  three  times 
larger  than  the  paramagnetic  field  limit  for  mercury.  There  is  no  substantial 
increase  or  decrease  in  with  pore  size  changes,  and  it  appears  that  as  the 
pore  size  is  decreased  the  superconducting  transition  simply  becomes  ever  less 
noticeable  with  respect  to  the  rising  background^  of  other  phenomena. 

B.  Oriented  Organic  Nonlinear  Optic  Guests 
1.  Background 

j  The  existence  of  polar  molecular  sieve  structures  provides  access  to  an  ad* 

'  ditional  degree  of  control  of  cluster  orientation.  A  noncentrosymmetric  host 
could  cause  nanoclusters  to  dipole  align  rather  than  have  a  random  or  net  cen- 
trosymmetric  orientation.  Using  the  above  ideas  to  vary  host  framework  charge 
^  density  or  dielectric  constant,  via  Si/ A1  ratio  changes  or  by  changing  the  frame- 

!  work  composition,  it  is  possible  to  define  the  relative  amounts  of  guest-host 
I  and  guest-guest  electrostatic  interactions.  For  example,  guest  dipole  molecules 
I  interact  more  strongly  with  one  another  in  a  low  charge  density  host  than  in  a 
I  high  change  density  host  where  guest-host  interactions  dominate.  In  a  low  charge 
density -hosts,  guest  aggregation  or  chain  formation  should  occur  and  lead  to 
bulk  dipole  alignment.  The  counterions  present  in  the  host  can  also  be  used  to 
control  guest  aggregation.  Changing  the  size  of  the  ions  alters  the  pore  size, 
shape,  and  also  the  local  electrosutic  fields  around  the  ions.  The  following 
discussion  describes  recent  woik  from  the  author’s  laboratory  on  the  self-or¬ 
ganization  of  organic  guests  in  3-D  periodic  hosts  (1S6,  21 1-21S). 

Nonlinear  optical  properties  are  determined  by  the  bulk  hyperpolarizability 
tensor,  X(ii)>  a  quantity  which,  in  the  second-order  case,  2,  is  very  sensitive  to 
symmetry  restrictions  (9,  216-220).  For  a  material  to  exhibit  second  harmonic 
generation  (SHG)  it  must  have  a  noncentrosymmetric  crystal  structure.  This 
single  restriction  dominates  any  search  for  new  materials  for  SHG  applications. 
In  molecular  chemistry  the  effort  is  to  align  molecules  so  that  a  net  bulk  dipole 
results.  This  has  been  accomplished  in  crystals  by  using  a  variety  of  strategies 
(221)  including  molecular  asymmetry,  chirality,  hydrogen  bonding,  dipole  re¬ 
duction,  and  changing  the  counterions  in  salts  (222).  Dipole  alignment  in  poled 
polymer  and  Langmuir-Blodgett  films  is  receiving  considerable  attention  be¬ 
cause  of  device  applications  (9). 
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2.  Host  Considerations 

Inclusion  chemistiy  is  paniculariy  well  suited  to  accomplish  optimization  of 
molecular  alignment  by  careful  size  and  shape  matching  of  host  and  guest.  The 
first  repofts  of  inclusion  chemistry  as  a  method  of  generating  nonlinear  optical 
materials,  were  by  Tomaiu  et  al.  (223,  224).  They  showed  the  p-nitroaniline 
and  closely  related  organic  guests  exhibited  SHG  four  times  urea  in  the  presence 
of  d-cyclodextrin.  Wang  and  Eaton  (225)  showed  shortly  thereafter  that  this 
was  indeed  due  to  inclusion  and  expanded  the  field  (226,  227)  to  other  hosts 
[th-^  .  ms(o-thymotide),  and  deoxycholic  a^d]  and  organometallic  guests, 

maiij}  of  the  aryl  metal  tricarbonyl  type. 

Inorganic  hosts  have  the  advantages  of  thermal  and  photo  stability  over  or¬ 
ganic  hosts.  The  thermal  stability  of  organic  systems  is  inherently  low  because 
of  their  molecular  nature,  whereas  inorganic  hosts  can  be  made  stable  to  over 
S00*C.  Some  of  this  thermal  stability  will  be  conferred  upon  the  guest  through 
limitations  on  motional  degrees  of  fteedom  within  the  restricted  pore  space. 
More  rigid  inorganic  hosts  allow  complete  flexibility  in  guest  concentration  be¬ 
tween  empty  and  filled  pores.  Variation  of  guest  concentration  provides  a  sim¬ 
ple  method  to  control  guest  aggregation  and  bulk  nonlinear  optic  properties. 

Host  symmetry  is  critical  for  the  production  of  SHG.  Guest  molecules  in  a 
centrosyiianetric  host  can  cause  a  structural  rearrangement  in  the  host  to  give  a 
noncentrosymmetric  inclusion  material  (228),  which  could  produce  SHG.  A 
noncentrosymmetric  host,  on  the  other  hand,  could  cause  guest  molecules  that 
normally,  crystallize  in  a  centrosymmetric  fashion  to  assdme  the  lower  sym¬ 
metry  of  the  host.  Noncentrosymmetric  molecular  sieves  with  large  enough  pore 
openings  to  incorporate  organic  molecules  include  ALPO-5  {P6cc)  (229), 
ALPO-11  (/c2m)  (230),  VPI-5  (P63)  (54.  231),  and  Offretite  {P  6m2)  (232), 
all  1-D  channel  structures. 

A  particularly  intriguing  feature  of  the  aluminum  phosphate  channel  struc¬ 
tures  are  the  helical  structure  directing  elements  in  AlPO-5  and  VPI-S.  The 
oxygen  atoms  of  the  ALPO-S  channel  foim  a  24-foid  helix  along  the  channel 
(Fig.  24)  (43).  In  the  larger  channels  of  VPI-5,  adsorbed  water  forms  a  triple 
helix  (Fig.  25)  (231).  The  helical  arrangement  that  is  characteristic  of  a  trans¬ 
lational  enantiomorphic  form  can  be  expected  to  play  an  important  role  in  the 
self-aggregation  of  organic  molecules  within  the  channel. 

The  molecular  sieves  ALPO-5,  ALPO-1 1 ,  and  VPI-5  are  aluminophosphates 
with  neutral,  relatively  hydrophobic  frameworks.  The  molecular  sieve  ALPO- 
11  has  elliptical  6.7  X  4.4  A  lO-ring  channels  while  ALPO-5  and  VPI-5  have 
circular  12-ring  and  18-ring  channels  that  are  8  and  12-13  nA  in  diameter, 
respectively.  Framework  substitution  of  aluminum  or  phosphorus  for  silicon  (to 
make  SAPOs)  or  other  metals  can  be  used  to  vary  the  framework  charge  density 
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Figure  24.  The  24^xygeii  atom  helical  stnicmre  that 
defines  the  pores  of  ALPO-5  (43). 


in  these  hosts  (76).  Offretite,  with  a  formula  of  (K2Ca)2.5[(A102)5(Si02)i3]  has 
a  relatively  highly  charged  firamework  with  6.9-A  diameter  12-ring  channels. 

In  the  experiments  described  by  Cox  et  al.  (214)  both  centiosymmetric  and 
noncentrosymmetric  hosts  were  tried.  Significant  polar  alignment  was  observed 
only  with  noncentrosymmetric  hosts.  The  sensitivity  of  the  SHG  measurements 
was  on  *e  order  of  lO’  x  the  signal  from  a  comparable  mole  sample  of  quartz 
and  it  is  possible  that  exterior  surface  aligiunent  on  some  centrosymmetric  phases 
might  have  contributed  a  signal  below  this  limit. 


Figure  25.  Triple  helix  of  witer  atoms  in  channels  of  VPI-S 
(231).  (Reprinted  by  permission  from  Zeolites,  vol.  1 1.  p.  310, 
copyright  ©  1991  Butteiworth-Heinemann,  Ltd.) 
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If  molecular  dipoles  are  weakly  coupled,  as  is  usually  assumed  to  be  the  case 
for  hyperpolarizable  organic  molecules  and  even  for  inorganic  extended  solids, 
it  is  possible  to  arrive  at  some  symmetry  conclusions  regarding  the  optimum 
point  groups  for  obtaining  a  large  nonlinear  response  from  a  rigid  molecule  such 
as  betoene  with  anisotropic  polarizability  (233).  The  question  that  is  addressed 
is  how  the  molecular  second-order  polarizability  coefficients  reenforce  or  cancel 
each  other.  If  the  space  group  of  the  host  is  the  symmetry  generator  for  the 
composite,  the  favored  hosts  and  their  respective  hosts  are  in  order  of  prefer¬ 
ence:  ALPO-11  (mm2),  oifretite  (6m2),  VPI-5  (6),  and  ALPO-5  (6mm). 

• 

3.  Guest  Considerations 

Inclusion  guests  for  SHG,  which  have  large  nonlinear  optic  coefficients,  are 
molecules  with  conjugated  electron  systems  with  attached  donor  and  acceptor 
groups  that  lead  to  charge-transfer  excited  states  (234).  This  enhances  second- 
order  nonlinear  optical  properties  because  of  the  large  change  in  dipole  moment 
between  ground  and  excited  states  (235).  Size  and  shape  can  be  varied  by  al¬ 
kylation  on  nitrogen  or  on  the  aromatic  ring  leaving  the  electronic  system  un¬ 
affected.  Cutoff  wavelengths  can  be  shifted  into  the  UV  by  using  pyridine  or 
pyrimidine  for  the  aromatic  substrate  or  toward  the  red  with  sdlbene  or  related 
extended  conjugated  systems.  A  variety  of  organic  and  organometallic  guests 
were  investigated  by  Cox  et  al.  (214)  with  some  examples  shown  in  Fig.  26. 
Note  that  2-methyl-4-nitroaniline  (MNA)  has  an  electrooptic  coefficient  that  is 


AMP  AMPm  HFMO 

j  Figure  26.  Molecular  acronyms  for  hyperpolarizable  organic  molecules. 
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about  270  pm  V~',  a  powder  SHG  signal  about  22  x  urea  that  is  about  600  x 
quartz  (231)  and  a  single-crystal  SHG  intensity  1.3  x  10^  x  quartz  (236).  In 
spite  of  its  excellent  SHG  response,  it  is  very  difficult  to  grow  as  a  single  crys¬ 
tal.  In  contrast,  p-nitroaniline  (NA)  has  a  SHG  signal  »  0  in  the  bulk  since  it 
crystallizes  in  a  centrosymmetric  space  group.  Only  a  few  neutral  organics  with 
favorable  molecular  nonlinear  optical  properties  have  the  required  noncentro- 
sytrunetric  structure  to  show  an  SHG  signal.  This  is  because  large  dipole  mol¬ 
ecules  such  as  these  have  a  strong  tendency  to  pair  up  with  dipoles  pointed  in 
opposite  directions. 


4.  Organic  NucUation  in  Channels 

The  thermodynamic  contributions  to  the  self-assembly  of  organic  clusters  in 
molecular  sieves  are  those  described  in  Section  1II.B.2.  The  process  must  be 
considered  from  the  staning  point  of  absorption  on  the  exterior  surface  of  the 
crystal,  with  polar  aligiunent.  The  imaging  of  zeolite  pores  (237)  and  the  self- 
assembly  of  polar  molecules  on  the  exterior  surface  of  zeolites  with  siting  of 
the  polar  molecules  at  the  pore  openings  has  been  experimentally  observed  re¬ 
cently  by  atomic  force  microscopy  (1S6).  The  exterior  sur&ce  orientation  of 
the  organic  dipoles  is  important,  since  molecular  modeling  has  shown  that  180* 
rotation  of  the  molecular  dipole  axis  to  give  inversion  of  the  dipole  with  respect 
to  the  crystallographic  polar  axis  is  not  feasible  once  the  dipole  is  inside  the 
chaimels  of  AlPO-l  1  and  highly  improbable  for  AlPO-S  (Fig.  8).  It  should  also 
be  notedihat  the  organic  molecules  in  a  given  chaimel  are  separated  hrom  those 
I  in  other  channels  by  several  monoatomic  layers  of  framework  atoms  so  that 
I  interchannel  dipole-dipole  interactions  are  small.  This,  in  fact,  is  fortunate  since 
I  it  diminishes  the  probability  of  the  organic  dipoles  from  aligning  with  opposing 
i  dipolar  orienutions. 

j  Once  inside  the  chatmels  the  self-assembly  of  the  molKules  will  be  deter¬ 
mined  by  competitive  intetmolecular  interactions  and  the  interactions  with  the 
walls.  For  NA  and  MNA,  the  strongest  intetmolecular  interactions  will  be  due 
to  hydrogen  bonding  (238).  In  a  single  crystal  of  p-nitroaniline  the  molecules 
align  in  helical  chains  as  shown  in  Fig.  27  with  an  equal  number  of  chains 
pointing  in  opposite  directions.  Important  molecule-host  ftamework  interac¬ 
tions  include  (a)  hydrogen  bonding  between  the  NA  or  MNA  molecules  to  the 
host  framework  oxygen  atoms,  (b)  hydrogen  bonding  to  dangling  framework 
OH  groups  in  the  case  of  VPI-5  (231),  or  (c)  coordination  of  the  amino  nitrogen 
atom  or  the  nitro  oxygen  atoms  to  an  extra-framework  cation  for  the  SAPO, 
olfretite  or  any  other  charged  framework  molecular  sieves.  The  thermal  stability 
of  the  organics  ate  enhanced  after  inclusion.  Heating  NA  in  ALPO-S  to  lOO’C 
under  dynamic  vacuum  does  not  result  in  any  weight  loss  except  when  excess 
organic,  not  included  within  the  molecular  sieve  pores,  is  present  so  that  this 
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R(uie  27.  Cancellaiion  of  NA  helical  chain  dipole  moments  for  bulk 
NA  nimtniline.  (Reprinted  with  permission  from  M.  C.  Etter,  K.  S. 
Huang.  G.  M.  Frankenbach,  D.  A.  Adsmond,  in  Materials  for  Nonlin¬ 
ear  Optics:  Chemical  Penpectives.  S.  Marder,  J.  E.  Sohn.  and  C.  D. 
Saicky,  (Eds.),  American  Society  Symposium  Series.  1991.  vol.  4S3, 
pp.  446-436.  Copyright  ©  (1991)  American  Chemical  Society.] 


is  a  good  way  to  clean  up  excess  bulk  organic.  Exposure  to  ambient  air  does 
not  cause  displacement  of  the  guest  from  the  ALPO-S  pores  but  SHG  intensities 
show  some  diminution  in  air. 

The  flexibility  of  the  molecular  sieve  framework  can  be  used  to  good  advan¬ 
tage  in  monitoring  the  loading  of  the  molecular  sieves  (Figs.  28  and  29).  As 
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Figuie  29.  Vanation  of  second  hannonic  incensicy  and  unit  cell  with  loading  of  MNA  into  ALPO-5 
j  (214). 

I  the  guest  is  loaded  into  the  channels  of  AlPO*S,  the  unit  cell  volume  increases 
i  regulariy  with  loading,  demonstrating  definitively  that  the  organic  molecule  is 
located  inside  the  molecular  sieve  pores.  For  loadings  beyond  that  for  which 
I  the  unit  cell  volume  reaches  a  maximum,  it  is  possible  to  detect  external  crys¬ 
talline  ofganic  molecules  by  X-ray  diffraction. 

p-Nitioaniline  shows  a  SHC  threshold  at  around  3%.  Second  harmonic  gen¬ 
eration  then  rises  sharply  to  a  maximum  of  more  than  650  x  quaia  at  13% 
loading.  The  decrease  in  SHG  after  maximum  loading  is  due  to  scaneiing  and 
absoiption  of  the  second  harmonic  light  generated  by  the  molecules  inside  of 
the  crystal  by  bulk  crystals  on  the  exterior  of  the  crystal  that  have  no  SHG 
capabilities.  Thus  the  SHG  of  NA  is  turned  on  by  self-assembly  in  ALPO-5. 

I  2-Methyl-4-nitroaniline  in  ALPO-5  has  no  SHG  until  crystals  of  MNA  are  pres- 
{  ent  on  the  exterior  surface  at  the  highest  loading.  The  SHG  at  13%  MNA  is 
I  less  than  quartz,  about  the  same  as  the  ALPO-5  host  alone.  The  SHG  of  MNA 
I  is  thus  turned  off  by  inclusion.  Only  after  the  exterior  crystals  are  present  is 
'  there  a  second  harmonic  signal,  as  expected  for  bulk  MNA.  This  is  a  dramatic 
1  example  of  how  changes  in  guest  size  and  shape  can  be  used  to  design  nonlinear 
I  optic  properties  using  nanoscale  inclusion  chemistry. 

The  overall  increase  in  SHG  with  NA  loading  is  due,  in  part,  to  the  increas¬ 
ing  number  density  of  NA  molecules  present.  But  the  more  than  10-fold  in¬ 
crease  in  SHG  from  3  to  6%  loading  cannot  be  attributed  to  this  alone.  Fur¬ 
thermore,  if  NA  molecules  were  being  aligned  at  the  1%  loading  level  for 
instance,  a  substantial  SHG  signal  would  be  observed  because  the  molecular 
hyperpolarizability  of  NA  is  so  large.  Diluting  MNA  to  the  1  %  level  in  an  inert 
matrix  such  as  sodium  chloride  shows  this  to  be  the  case. 

The  SHG  threshold  phenomenon  observed  in  NA  in  ALPO-5  is  analogous 
,  to  that  observed  for  the  absorption  of  mercury  in  a  silver  exchanged  zeolite 
I  (158)  and  the  adsorption  of  NH4CI  into  H-mordenite  (197),  and  implies  a  strong 
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intermolecular  interaction.  At  low  loadings  the  guest-host  wall  interaaions 
dominate  and  detennine  the  orientation  of  the  molecules.  At  a  panicular  loading 
threshold,  about  3%.  the  packing  density  is  such  that  the  intermolecular  inter¬ 
actions  start  to  dominate  and  the  molecules  in  effect  reach  a  critical  nucleation 
size  so  that  their  fiiither  orientation  and  growth  is  determined  by  the  intermo¬ 
lecular  hydrogen  bonding.  The  nonlinear  effect  then  turns  on.  The  FTIR  mea¬ 
surements  verified  the  above  and  the  absence  of  significant  intermolecular  hy¬ 
drogen  bonding  for  MNA  as  a  function  of  loading.  The  conclusion  is  that  the 
switching  off  of  MNA  is  due  to  an  inability  to  form  hydrogen-bonds  because 
the  added  methyl  group  on  MNA  restricts  its  orientation  in  the  ALPO-S  chan¬ 
nels. 

An  interesting  opportunity  exists  for  orthogonal  self-assembly  with  2-D  con¬ 
finement.  Taking  two  molecules,  NA  and  MNA,  with  diametrically  opposed 
bulk  and  nanoscale  self-assembly  behavior,  would  adding  a  small  amount  of 
MNA  to  a  NA  sample  disrupt  the  aligrunent,  or  conversely  would  NA  in  a  MNA 
sample  cause  aligrunent  of  all  the  molecules  to  occur?  This  was  investigated  by 
varying  the  wt%  NA  at  a  total  NA  +  MNA  loading  of  12%  (nearly  full)  and 
concurrent,  random  loading  at  6%  total  NA  -h  MNA.  At  12%  total  loading, 
concurrent  addition  of  NA  and  MNA  results  in  the  same  pattern  as  adding  only 
NA.  No  significant  alignment  of  MNA  by  NA  or  disordering  of  NA  by  MNA 
seems  to  be  occurring,  that  is,  NA  and  MNA  appear  to  aa  independently  with 
NA  molecules  forming  aligned  aggregates  as  if  no  MNA  were  present. 

At  6%  total  loading,  alignment  of  MNA  by  NA  is  occurring.  At  a  NA  level 
of  only  3%,  the  SHG  corresponds  to  a  S-6%  NA  loading,  so  MNA  is  contrib¬ 
uting  to^e  SHG.  The  difference  between  6  and  12%  loadings  could  be  due  to 
the  extra  space  available  in  the  host  pores  at  the  6%  loading  level,  which  could 
allow  greater  conformational  freedom  for  NA  and  MNA  molecules  to  success¬ 
fully  interact  and  become  aligned.  Also,  the  SHG  versus  wt%  NA  curve  has  a 
steep  slope  at  the  6%  level  but  is  flat  at  12%  so  small  changes  in  the  number 
of  aligned  molecules  would  make  a  big  difference  at  6%  but  not  at  12%.  In  any 
event,  the  ability  to  use  orthogonal  bimolecuiar  self-assembly  is  demonstrated. 

If  a  chain  of  NA  molecules  (Fig.  27)  is  forced  into  an  ALPO-5  channel, 
many  interatomic  distances  ate  less  than  van  der  Waals.  This  chain  would  fit 
easily  if  stretched  or  suaightened  out  moderately.  A  simple  geometric  calcula¬ 
tion  of  the  amount  of  space  available  within  the  ALPO-S  pores  shows  that  at 
13%  NA  loading  there  is  5.3  A  of  channel  length  available  for  each  NA  mol¬ 
ecule.  Molecular  modeling  confirmed  the  single  chain  arrangement  in  AlPO-S 
as  shown  in  the  pictorial  representation  in  Fig.  30.  The  predicted  angle  that 
these  molecules  make  with  the  channel  axis  is  less  than  60”,  very  close  to  the 
optimal  angle  54.74*  for  the  ALPO-5  point  group,  6mm  (233,  239).  The  NA 
chain  in  the  ALPO-5  channel  is  a  stretched-out  version  of  the  chain  in  the  pure 
organic  bent  O H— N  angles,  which  would  reduce  hydrogen  bonding  com- 
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pared  to  the  pure  organic  as  observed  by  FTIR.  The  critical  role  of  hydrogen 
bonding  for  ALPO-S  was  also  verified  by  sequential  methylation  of  the  amino 
group,  NA  (SHG  =  1000  quartz),  NMNA  (SHG  *  50  quartz)  and  DMNA 
(SHG  *  0.9  quartz);  however,  this  is  not  universally  true  for  all  hosts. 

If  there  were  only  one  host.  AlPO-5,  which  was  capable  of  alignment,  this 
exercise  would  be  of  limited  interest.  Fortunately,  however,  this  is  not  the  case 
(Table  VI).  By  using  offretite  and  SAPO-5,  host  charge  effects  can  be  studied. 
ALPO-1 1  has  a  smaller  elliptical  channel,  but  crystallizes  in  the  space  group. 
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TABLE  VI 


Guest 

Host* 

ALPO-3* 

SAPO-3' 

ALPO-11* 

VPI-3' 

NA 

1000(200) 

280(70) 

300(130) 

30(10) 

MNA 

0.2(0.0S) 

0.7(0.2) 

120(30) 

90(20) 

NMNA 

30(10) 

8(3) 

37(10) 

40(9) 

DMNA 

0.9(0.3) 

0.4(0. 1) 

110(30) 

13(3) 

ANP 

970(230) 

300(30) 

140(40) 

130(30) 

ANPm 

3(1) 

1. 1(0.3) 

33(10) 

70(20) 

NPNO 

0.3(0. 1) 

0.3(0. 1) 

6(1) 

33(3) 

'SHG  data  relative  to  quattz,  uncertainties  shown  in  parentheses. 
*10-13  wt.%  guest  loading  level. 

'12  wt.5(  guest  loading  level. 

*9-10  wt.X  guest  loading  level. 

'20  wt.X  guest  loading  level. 


Ic2m,  which  is  a  more  favorable  space  group  for  symmetry  directing  aa  NLO 
j  response  (238,  239).  VPI-S  offers  the  possibility  of  making  at  least  a  double- 
1  stranded  helix  of  NA  molecules  (Fig.  8). 

!  The  SHG  data  in  Table  VI  are  representative  of  the  fully  loaded  samples. 

;  The  loading  dependence  of  the  SHG  signal  is  shown  in  Fig.  31.  In  marked 
contrast  to  ALPO-S  and  SAPO-S,  ALPO-1 1  and  VPI-S  align  to  some  extent  all 
'  of  the  oiganics  tried.  The  structural  similarity  between  ALPO-S  and  SAPO-S 
j  result  in  the  same  pattern  of  SHG  results  for  the  various  organics,  that  is,  MNA 
is  tumed^ff,  V-methylation  shuts  down  the  SHG  in  steps,  NA  and  ANP  are 
turned  oh,  and  ANPm  and  NPNO  are  not.  The  results  for  DMNA  and  NPNO 
in  ALPO-1 1  and  VPI-S  show  that  hydrogen  bonding  is  not  a  necessary  condi¬ 
tion  for  alignment.  Electrostatic  interactions  between  host  and  guest  and  space 
j  restrictions  within  the  channels  must  be  enough  to  counteract  the  tendency  of 
the  molecular  dipoles  to  pair  up  in  opposite  direaions.  The  helical  symmetry 
directing  properties  of  VPI-S  and  the  mm2  point  group  symmetry  of  ALPO-1 1 
must  then  control  the  self-aggregation. 

It  is  much  more  informative  to  compare  SHG  dau  as  a  function  of  loading 
(Fig.  31).  Data  for  each  load  point  are  taken  with  the  same  host,  so  the  only 
variable  is  the  amount  of  guest.  ALPO-S  and  ALPO-1 1  have  a  similar  panem 
of  increasing  SHG  with  loading  with  an  SHG  threshold  at  about  3%  for  laser 
ftequencies  at  both  1.064  and  1.907  ^m  showed  the  same  panem.  ALPO-1 1, 

I  with  its  smaller  pore  diameter,  may  therefore  cause  NA  to  form  similar  but 
more  stretched-out  chains  when  compared  to  ALPO-S  (Fig.  31). 

VPI-S  shows  a  distinct  maximum  in  SHG  at  about  9%  NA  above  which  the 
SHG  falls  off.  The  much  larger  pores  of  VPI-S  must  allow  NA  molecules  to 
form  molecular  pairs  with  dipoles  pointing  in  opposite  directions.  The  maxi- 
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I  Figure  31.  Top:  Relative  SHG  imemity  venus  wt%  NA  in  ALPO>S.  ALPO-II.  VPI-S,  and 
i  SAPO-3  (214).  Amom:  Models  that  show  how  NA  molecules  can  fit  into  the  channels  of  ALPO-11, 
ALPO-5.  and  VPI-S. 


mum  at  intermediate  loading  fits  well  with  a  model  where  chains  or  aggregates 
of  NA  molecules  similar  to  those  present  in  ALPO-S  are  forming  without  pair 
formation  at  intermediate  loadings.  As  in  the  bulk,  additional  molecules  form 
chains  running  in  the  opposite  direction  causing  the  decrease  in  SHG  as  shown 
in  the  schematic  representation  in  Fig.  31. 
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SAPO-S  loading  data  presents  the  first  evidence  that  host  fnunework  charge 
or  dielectric  constant  is  an  important  parameter  in  these  studies.  Figure  31  shows 
^t  the  SHG  threshold  in  SAPO-5  occurs  at  a  much  higher  loading  level  than 
in  ALPO-S.  p-Nitroaniline  molecules  must  be  more  strongly  attracted  to  the 
SAPO-S  framework  than  in  ALPO-S,  so  the  inteimolecular  interactions  are  dis¬ 
rupted  until  a  high  enough  loading  is  reached.  One  would  predict  that  higher 
silicon  contents  in  the  SAPO-S  would  eventually  shut  off  all  SHG.  The  cutting 
off  of  alignment  by  large  framework  charge  and  the  presence  of  extra-frame¬ 
work  atoms  is  confirmed  for  of^tite,  which  although  noncentrosymmetric,  was 
not  a  good  host  for  organic  dipole  orientation.  For  NA  at  least,  strong  guest- 
host  interactions  are  detrimental  to  SHG.  This  finding  represents  a  new  type  of 
conceptual  nonlinear  optic  tuning  effect  in  which  changes  in  host  dielectric  re¬ 
sults  in  large  variations  in  SHG  without  changing  guest  concentration. 

These  results  show  how  important  it  is  to  carry  out  loading  studies  in  systems 
such  as  this.  With  only  one  data  point,  the  SAPO-S  and  VPI-S  systems  seemed 
similar  to  ALPO-S.  The  loading  studies  clearly  demonstrated  the  effects  of 
framework  charge  and  spatial  restraints  on  molecular  aggregation  and  alignment 
in  molectilar  sieves. 

Numerous  other  points  of  interest  came  from  this  smdy.  The  color  of  many 
of  the  inclusion  materials  is  significantly  different  than  the  pure  organics. 
/r-Nitroanilines  and  its  derivatives  are  solvatochromic,  the  lowest  energy  ab¬ 
sorption  band  of  NA  moves  from  320  nm  in  methylcyclohexane  to  380  nm  in 
DMF  (240).  Diffuse  reflectance  UV-vis  shows  solventlike  effects  on  the  cutoff 
wavelength  and  absorption  maximum  in  these  samples  compared  to  the  pure 
organic.  The  NA  absorption  edge  or  cutoff  wavelength  is  shifted  by  30  nm  in 
ALPO-5  and  SAPO-5  but  not  shifted  at  all  by  VPI-5  and  by  only  10  nm  by 
ALPO-ll.  2-Methyl-4-nitroaniline  shows  almost  no  shifts  due  to  inclusion  but 
the  Af-methyl  derivatives  have  large  shifts  of  up  to  60  nm.  In  ANP,  ANPm,  and 
NPNO  the  shifts  are  smaller  but  in  the  opposite  direnion.  SAPO-5  and  VPI-5 
both  depress  the  intensity  of  the  lowest  energy  part  of  the  band  in  all  cases.  The 
mixing  of  ground  and  excited  states  is  a  major  source  of  enhancement  of  SHG 
so,  in  general,  a  lower  energy  electronic  transition  could  contribute  to  increased 
SHG.  All  of  the  NA  samples  show  large  SHG  intensities,  and  the  band  shift  in 
ALPO-5  and  SAPO-5  could  be  causing  some  SHG  enhancement  in  these  sys¬ 
tems. 

In  summary,  three  modes  of  SHG  tuning  are  demonstrated  by  these  mate¬ 
rials:  variation  in  loading  level,  variation  in  guest  structure  or  composition,  and 
variation  in  host  framework  charge  or  dielectric  constant.  This  allows  great 
flexibility  in  formulating  promising  new  combinations  and  opens  up  many  new 
avenues  of  organic  guest-inorganic  host  inclusion  synthesis  of  NLO  materials. 
Beyond  this,  however,  the  systems  are  proving  to  be  models  for  developing  a 
fundamental  understanding  of  nucleation  and  nanophase  synthesis. 
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C.  Nonlinear  Optic  Framework  Active  Hosts 
1.  Background 

Besides  being  a  commercially  important  class  of  inclusion  materials  (241- 
,  245),  the  potassium  titanyl  phosphate  (KTP)  stmctuial  family  provides  an  ex¬ 

cellent  example  of  how  the  guest  can  be  used  with  selective  siting  to  modify 
the  electronic  and  stmctural  properties  of  the  NLO  active  host  surface.  This  is 
in  contrast  to  the  above  discussions  in  which  the  primary  point  of  interest  was 
the  use  of  the  host  to  control  guest  self-assembly  and  aggregation.  In  Section 
n.E  the  structure  of  KTP  is  described  (Fig.  1 1).  The  chemistry  of  this  stmctural 
family  and  its  properties  have  been  recently  reviewed  (1 1)  so  that  the  following 
presentation  is  an  abbreviated  perspective  in  the  context  of  this  chapter  on  the 
interface  of  nanoscale  inclusion  chemistry.  More  specifically,  we  will  briefly 
consider  the  advantages  of  using  inclusion  chemistry  in  addressing  the  follow¬ 
ing  points: 

The  synthesis  of  combination  phases  [e.g.,  MM'(TiO)(GaF)(P04)J  and  the 
creation  of  NLO  materials  outside  the  synthesis  phase  space  [e.g., 

,  Cs^Ki.^TiOPO*]. 

I  Selective  siting  and  pinning  (or  depinning)  of  delocalized  excited  states  by 
inclusion  chemistry. 

-  2.  Synthesis  Phase  Space  and  Combination  Phases 

One  of  the  aaractive  features  of  inclusion  chemistry  is  the  enormous  number 
of  ways  in  which  a  nanocomposite  can  be  constmcted  without  fundamentally 
changing  the  host  or  guest  stmcture  type.  Until  now  we  have  presented  a  rather 
simplified  view  of  a  guest  and  a  host.  It  should  be  emphasized  that  many  times 
there  is  a  need  for  multiple  kinds  of  guests  and  that  it  may  be  useful  to  consider 
different  parts  of  the  host  surface  independently  from  a  synthetic  and  even  prop¬ 
erty  point  of  view.  Stmcturally,  this  was  done  in  Fig.  11  by  describing  the 
— Ti— O— Ti— O  helical  chain  as  one  unit  and  the  phosphate  groups  that  com¬ 
plete  the  titanium  coordination  sphere  as  another  host  entity.  The  guests  are 
defined  as  usual  by  the  ability  to  reversibly  ion  exchange  them  or  in  the  case  of 
NH^  and  H3O*  to  reversibly  remove  or  add  ammonia  or  water  to  the  host.  The 
reason  for  differentiating  the  host  stmctural  components  is  that  the  long-shott 
bond  lengths  in  the  titanyl  chain  are  stmcture  directing.  If  the  titanium  is  re¬ 
placed  by  tin  (246-249),  the  bond  lengths  ate  nearly  equal  and  it  is  experimen¬ 
tally  difficult  to  establish  that  the  space  group  is  indeed  noncentrosymmetric 
and  not  centrosymmetric.  Furthermore,  the  general  consensus  has  been  that  the 
titanyl  bond  length  inequality  is  directly  associated  with  the  large  NLO  response 
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of  KTP  (250,  251)  and  that  the  phosphate  groups  only  serve  a  structural  func¬ 
tion.  From  this  point  of  view  the  structure  is  a  titanyl  helical  chain  with  the 
bridging  titanyl  oxygen  atoms  trans  for  one  of  the  two  structurally  independent 
titanium  atoms  and  cis  for  the  other  titanium  atom.  These  framework  TiO  chains 
are  linked  together  by  phosphate  bridges  {right.  Fig.  1 1). 

The  second  useful  feature  of  the  KTiOPO^  structure  is  that  as  far  as  the 
crystal  chemistiy  is  concerned  the  composition  is  really  (KTi0P04)- 
(K'Ti’O'P'04).  The  molecular  chemist’s  analogue  is  a  molecule  with  the 
same  element  in  two  nonequivaient  sites.  Those  atoms  can  be  expected  to  react 
differently,  have  different  NMR  properties,  and  so  on.  Synthetically  the  com¬ 
position  of  these  two  types  of  sites  can  be  independently  varied.  Some  com¬ 
positional  changes  at  these  sites  that  have  given  isostructures  include:  (a)  sub¬ 
stitution  of  F~  or  OH~  for  the  titanyl  oxygen  atoms  (96),  (b)  replacement  of 
phosphate  by  arsenate  (252),  and  (c)  substitution  of  titanium  by  the  other  tetra- 
valent  ions  (1 1).  The  cation  guest  also  can  be  exchanged  from  sodium  through 
cesium.  The  result  of  all  this  is  that  it  is  possible  to  create  combination  phases 
such  as  MM '  (Ti0)(GaF)(P04)(As04)  with  a  high  probability  that  it  will  be  a 
KTP  isostructure  (96).  If  there  are  h  possible  host  substitutions  and  g  possible 
guests,  the  number  of  possible  isostructure  NLO  materials  in  the  family  is 


HH'GG' 


h!  g! 

2(h--  2)!  ’  2(g  -  2)! 


Only  a  small  number  of  these  possibilities  have  been  explored.  The  approach 
that  has  been  used,  however,  is  to  examine  the  effea  of  each  type  of  substitution 
on  the  NLO  response  and  on  that  basis  focus  the  research  on  those  avenues  that 
seem  to  be  the  most  promising.  It  is  clear  at  this  time  that  the  unsubstituted 
titanyl  chains  has  by  far  the  largest  NLO  response.  The  roles  of  the  other  frame¬ 
work  atoms  and  guest  cations  are  still  a  matter  of  considerable  interest. 

For  phase  matching  and  effective  NLO  response  (9),  it  may  be  desirable  to 
use  sodium  or  cesium  atoms,  respectively,  rather  than  potassium,  that  is,  NaTP 
or  CsTP.  Neither  of  these  two  are  accessible  by  the  usual  hydrothermal  or  flux 
routes.  In  the  case  of  sodium  the  KTP  structural  phase  space  ends  at  65  mol  % 
of  potassium.  The  region  between  0  and  65  moi%  of  Na  is  single  phase  and 
consists  of  a  solid  solution  with  the  formula  K,  _,Na,TiOPO«.  The  two-phase 
region  between  65  and  1(X)  moi%  of  Na  contains  Ko.3}Nao.6sTiOP04  and 
a-NaTi0P04  in  varying  proportion.  The  compound  /3-NaTi0P04,  which  has 
the  KTP  structure,  can  be  prepared  in  powder  or  single-crystal  form  by  treating 
KTP  powder  or  crystals  with  a  molten  NaN03  flux  at  350'’C  (11).  This  also 
works  for  the  synthesis  of  Cso.2oKo.8oT'iOP04-  By  masking  the  surface  of  single 
crystals  this  ion  exchange  chemistry  can  be  used  very  effectively  to  create  wave 
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guides  (244)  by  slightly  changing  the  indices  of  refraction  of  the  bulk  material 
along  the  light  path  in  the  solid. 

3.  Seleaive  Siting  and  Pinning  of  Delocalized  Excited  States 

Using  a  little  imagination  and  some  stnictural  data,  there  is  a  resemblance 
i  between  the  poly(acetylene)  and  KTi0P04  structures  (Fig.  32).  Both  have  al¬ 
ternating  long-short  bonds  and  both  are  premier  NLO  materials.  More  impor- 
!  tantly  both  have  delocalized  excited  states,  which  on  peituibation  with  an  in¬ 
cident  laser  beam  can  be  mixed  into  the  ground  state  so  that  the  electrons  are 
easily  polarized  to  give  large  NLO  coefficients  (11,  253).  Unlike  poly- 
(acetylene),  doping  the  titanyl  chain  in  KTP  can  be  done  selectively  with  site 
I  specificity  into  a  3-D  ordered  lattice.  The  electronic  origin  of  the  alternating 
long-short  bond  lengths  in  the  titanyl  structure  is  therefore  of  considerable  im- 
j  portance  in  order  to  understand  structure-property  relationships, 
i  Recently,  Burden  et  al.,  (254,  255)  showed  that  the  metal-oxygen  bond  al- 
i  temation  (vanadyl,  titanyl,  etc),  which  are  found  in  perovskites,  linear  chain 
!  compounds  such  as  KTP,  and  several  cyclic  systems,  may  be  understood  in 
I  terms  of  a  second-order  Jahn-Teller  effect,  which  couples  the  largely  oxygen 
nonbonding  levels  at  the  top  of  the  oxygen  p  band  with  the  metal-oxygen  an¬ 
tibonding  levels  of  the  metal  d  band.  This  distortion  results  in  the  mixing  of 
,  charge-transfer  character  into  both  the  bonding  orbitals  and  the  nonbonding  ox¬ 
ygen  lone-pair  orbitals,  which  constitute  the  HOMO  (highest  occupied  molec¬ 
ular  orbitals).  The  anharmonicity  in  these  electronic  potentials  depends  on  the 
i  degree  to  which  charge-transfer  character  can  be  mixed  into  the  ground-state 
orbitals. 

The  nature  of  the  charge-transfer  excited  state  has  been  examined  by  Phillips 
I  et  al.,  (256)  and  by  Blasse  and  Brixner  (257).  The  compound  KVOPO4  is  iso- 
!  structural  with  KTi0P04  and  in  fact  the  vanadyl  bond  length  is  the  shonest 

!  [1.672(8)  A)  octahcdr^'M— O  distance  reported  in  the  KTP  structure  field. 

With  increasing  V  substitution  for  Ti  in  KTP  the  band  edge  broadens  and  sys¬ 
tematically  shifts  to  the  red  as  the  excited  state  acquires  more  vanadium  char- 
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Figure  32.  Comparison  of  structures  of  poly(acetylene)  and  liunyl  (KTP)  chains. 
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acter.  When  the  composition  reaches  KVP  the  absorption  is  intense  and  neariy 
continuous  throughout  the  visible  region  well  beyond  the  weak  700  nm  d-d 
transition  and  into  the  IR.  Consequently,  the  excited  state  MO  cannot  be  lo¬ 
calized  on  the  MO«  octahedra,  but  must  instead  be  delocalized  along  the 
O— M=0  chain  analogous  to  organic  conjugated  systems.  Blasse  and  Brixner 
(2S7)  reached  similar  conclusions  from  the  observation  of  an  emission  band  at 
390  nm  at  temperatures  below  100  K.  The  band  has  an  unusually  small  Stokes 
shift  of  4200  cm~‘,  well  below  the  value  of  about  10,000  cm"'  observed  for 
most  titanates.  The  conclusions  are  that  the  excited  state  of  KTP  is  delocalized 
and  that  mixing  this  state  with  the  ground  state  by  the  laser  electric  field  is  the 
reason  for  the  unusually  large  excited  state  dipole  moment  contributions  and 
the  exceptional  NLO  behavior  of  KTP  (11,  256). 

From  this  point  of  view  it  is  necessary  to  treat  the  electronic  states  in  terms 
of  delocalized  band  structure  model  in  order  to  fully  understand  and  use  inclu¬ 
sion  chemistry  to  control  KTPs  optical  properties.  Increased  band  gap  energy 
(£,),  caused  by  substituting  d"’  metal  ions  such  as  Ga,  Ge,  and  Sn  onto  the 
oc^edtal  sites  of  the  Ti— O— Ti=0  chain,  reduces  distortion  by  Burden's 
model  and  decreases  virtual  state  transition  probabilities  for  excited  state  de- 
localization.  This  in  turn  means  a  sharp  anenuation  in  NLO  susceptibility.  Re¬ 
placing  As  for  the  more  electronegative  P  on  the  tetrahedral  sites  increases  the 
coordination  strength  of  the  exchangeable  cation  to  the  X04(X)  ==  P  or  As) 
oxygen  atoms  and  correspondingly  decreases  the  strength  of  the  interaction  of 
the  cation  to  the  (Ti— 0)„  chain  oxygen  atoms.  This  decreased  “pinning”  of 
the  delocalized  excited  state  (and  smaller  band  gap)  would  explain  the  observed 
60%  improvement  in  doubling  efficiency  of  KTA  over  KTP  as  deters-  ■'ed  by 
single-crystal  SHG  measurements  (245). 

A  related  effect  is  the  loss  of  microscopic  susceptibility  that  takes  place  as 
the  interaaions  between  the  cations  and  framework  oxygen  levels  become  more 
covalent.  This  occurs  when  low-coordinate  and/or  highly  electronegative  cat¬ 
ions  cause  the  occupied  TiO®  orbitals  to  become  more  suble,  limiting  the  de¬ 
gree  of  excited-state  mixing  possible.  The  effects  are  manifested  in  Na  or  Ag 
exchanged  KTP  type  structures  in  which  the  average  cation-oxygen  coordina¬ 
tion  distance  drops  from  2.9  to  2.6  A,  and  a  generally  closer  association  of  the 
cation  with  the  framework.  The  differences  lie  in  the  relative  preferences  of  the 
cations  for  the  (Ti— 0)„  chain  and  the  PO«  (or  ASO4)  oxygen  atoms.  In  NaTP, 
as  in  KTP,  the  average  bond  valences  for  the  Na— 0(9,10)  and  the  Na— 0(1- 
8)  interactions  are  essentially  the  same,  so  the  optical  nonlinearity  of  NaTP  is 
impacted  only  by  the  overall  closer  sodium-oxygen  contacts.  In  AgTP,  silver 
plainly  favors  selective  siting  coordination  with  titanyl  oxygen  atom  0(9)  (Fig. 
11),  disrupting  conjugation  in  the  (Ti— 0)„  chain.  In  NaTA,  the  closer  coor¬ 
dination  of  sodium  to  the  framework  is  counteracted  by  the  increased  basicity 
of  the  ASO4  groups,  which  in  effect  draw  these  ions  away  from  the  titanyl  chain. 
In  this  respect,  NaTA  behaves  more  like  KTA  than  NaTP. 
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The  low  SHG  intensity  of  AgTP  is  thus  readily  explained  by  both  the  high 
electronegativity  of  Ag  (relative  to  K)  and  the  strong  coordination  of  Ag(l)  and 
Ag(2)  to  the  titanyl  oxygen  atoms.  Similarly,  the  close  association  of  Na  with 
the  Ti— O  framework  oxygen  atoms  reduces  SHG  intensity  by  an  order  of  mag¬ 
nitude  despite  the  similar  electronegativities  of  Na  and  K.  The  looser  Na  co¬ 
ordination  with  the  titanyl  oxygen  atoms  in  NaTA  allows  this  material  to  have 
I  a  strong  nonlinear  response.  In  addition,  the  effects  of  any  increase  in  cation 

I  ftamework  covalency  are  likely  to  be  mitigated  by  arsenate  substinition,  which 

i  should  increase  the  basicity  of  the  oxygen  levels,  facilitating  their  mixing  with 
j  the  metallic  charge-transfer  band  orbitals. 

There  are  numerous  other  examples  of  selective  siting  in  the  KTP  structures. 
Selectively  removing  ammonia  from  one  of  the  ammonium  ions  in  ammonium 
!  titanyl  phosphate  results  in  seleaive  siting  of  the  proton  at  0(9)  (93).  The  SHG 
i  can  be  switched  with  hydrogen  bonding  by  the  ammonium  ions  in  ammonium 
.  titanyl  phosphate  (SHG  active)  and  ammonium  titanyl  arsenate  (SHG  inactive). 

I  The  transition  from  active  to  inactive  has  been  monitored  by  systematically 
following  aiTunonium  ion  exchange  substitution  into  the  corresponding  KTP  and 
KTA  derivatives  and  independently  by  following  framework  arsenate  substitu¬ 
tion  into  the  ammonium  titanyl  phosphate  derivative  (11).  Site  selectivity  is 
frequently  observed  and  used. 

The  reader  hopefully  will  have  a  picmre  of  a  host  continuum  lanice  with 
multiple  coordination  sites.  The  basicity  of  the  oxygen  atoms  in  this  surface 
cain  be  modified  by  framework  substitution  (arsenate  and  phosphate).  Guest  ions 
j  of  different  charge  density  and  size  can  be  incorporated  in  the  host  pores  and 
I  used  to  perturb  the  guest  surface  with  huge  effects  on  the  electrooptic  properties. 
I  It  is  a  very  practical  example  of  nanocomposite  synthesis  and  tuning. 


V.  CONCLUSION 

I  The  understanding  and  new  synthetic  approaches  to  nanocluster  synthesis 
j  have  opened  extensive  new  vistas  for  all  areas  of  science.  The  incorporation  of 
^  nanoclusters  into  composite  synthesis  will  require  the  continued  development 

I  of  highly  sophisticated  new  chemical  techniques  and  nanoscaJe  engineering, 

i  Much  will  depend  on  the  ability  to  utilize  and  understand  the  exterior  surface 
i  chemistry  of  the  nanocluster  phases  and  the  corresponding  interfaces  with  their 
environment.  Similar  considerations  can  be  used  to  control  cluster  geometry 
and  size  distribution  by  the  topography  of  3-D  host  surfaces,  making  it  possible 
to  create  semiconductor  quantum  supialattices.  The  use  of  large  3-D  surface 
areas  permits  concentration  studies  of  cluster  interactions  over  a  wide  range, 
and  at  relatively  high  optical  densities.  It  is  to  be  expected  that  novel,  normally 
^  very  unstable,  nanosized  phases  can  be  synthesized  and  stabilized  via  encap- 
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;  sulation  and  integration  with  the  open  framework  systems  that  are  now  being 
developed. 

The  synthesis  of  nanoporous  hosts  with  surfaces  that  can  be  functionalized 
and  used  in  the  self-organization  of  host,  or  which  themselves  have  unusual 
electrooptic  properties,  is  certain  to  play  an  important  part  in  nanoscale  inclu- 
I  sion  chemistry.  The  KTP  structural  family  is  only  one  example  of  a  potentially 
very  rich  held.  The  smaller  channel  systems  that  can  be  used  for  this  purpose 
means  that  there  is  potentially  a  much  larger  host  base.  It  also  means  that  there 
is  a  greater  likelihood  of  success  in  terms  of  crystal  or  thin-hlm  growth  and 
general  ptocessibility  for  device  applications.  There  are  many  unanswered 
questions  and  unexplored  areas  from  the  basic  research  point  of  view.  As  noted 
in  the  introduction,  synthetic  solid  state  chemistry  is  for  the  most  part  still  in 
!  its  infancy  and  is  almost  certain  to  continue  to  produce  the  exciting  discoveries 
I  that  have  marked  the  past  few  years. 
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